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ABSTRACT 
The development and field testing of a panicle tracing technique for the prediction and 
monitoring of cohesive sediment transport is described. Natural, chemical and water soluble 
dye tracers have been used for many years to determine water circulation in order to predict 
sediment transport. Radioactive and fluorescent particles have been used widely to predict 
sediment particle transport, but have been restricted mainly to non-cohesive sand and gravel 
transport studies due to the difficulties of preparation, handling, disassociation of the label 
from the particle and labour-intensive analysis. The development o f a fine cohesive tracing 
technique therefore offered a significant advancement for the understanding and prediction 
of fine cohesive sediment and pollutant dynamics in aquatic environments i f a sediment 
analogue could be developed. 
The physical properties, including size, surface charge, fiuorescence and settling velocity of 
natural fine cohesive sediment were analysed in order to passively and actively adsorb 
organic fluorescent dyes onto the sediment surface; the tests were largely unsuccessful. The 
physical properties of artificial fluorescent particles as sediment analogues were examined 
and found to have a close correlation to natural sediment. Analysis of the fluorescent 
particles in mud suspensions on an Analytical Flow Cytometer offered an automated and 
accurate method o f tracer concentration determination at low dilutions. A preliminary field 
study was carried out in a small pool with encouraging results. 
A study in a shallow freshwater lake was carried out to determine the sediment dynamics in 
the lake. A depth-averaged model of the wind-driven circulation within the lake was used to 
interpret the distribution o f tracer. Secondary transport and deposition clearly led to an 
accumulation of sediment and internal loading in the lake driven by hydrodynamical 
forcing. 
A study of the particle residence time and deposition-resuspension processes in the turbidity 
maximum of a macro-tidal estuary. Fluorescent particles were released into the turbidity 
maximum and were advected down-estuary on the ebb tide and up-esiuary on the flood tide. 
The residual mass budgets indicated a significant deposition o f the particles in the upper 
estuary at slack high water. The particles were detected in estuarine surface waters I week 
after release. 
The fluorescent particles behaved in a similar way to the suspended sediment in both the 
lacustrine and estuarine study and were considered as sutiable tracers for cohesive sediment 
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C H A P T E R 1 
G E N E R A L I N T R O D U C T I O N 
1.1 I N T R O D U C T I O N 
The natural balance of many different environments has been altered as a resuh of increasing 
pressure from industrial and urban growth, deforestation, construction activity and the 
demand for land and resources. Some of the most marked changes have taken place in 
coastal regions where, for example, towns and ports have carried out expansion and land 
reclamation programmes in order to meet the need of increased growth and trade. Further 
changes to the environmental balance of coastal areas has resulted from urban expansion with 
its associated waste and effluent disposal and increased rate of runoff from rainfall carrying 
with it unintentional discharges, erodabie sediment and topsoil, debris and waste. 
Industrialisation and urbanisation has led to a significant increase in the number o f 
agricultural, industrial, nuclear, mineral and organic products in addition to sediments being 
introduced into rivers, estuaries and the marine environment in general. In many coastal 
areas, there are sharp conflicts of interest between the protection and management of the 
environment and the needs of industrial development, town-planning, fisheries, tourism and 
waste disposal. 
1.1.1 Importance of Fine Sediments 
Port expansion and maintenance, construction, coastal protection, land reclamation, dredging 
and beach rejuvenation often generate large quantities of sediment which require disposal or 
result in high suspended sediment concentrations in coastal waters. Mobile sediment or 
dumped sediment can have a considerable impact on the environment, causing increased 
siltation or water column turbidity leading to burial of benthic organisms, disrupting feeding 
and spawning grounds of fish, altering the sediment regime and preventing photosynthesis for 
organisms including coral, maerl and plankton. One large source of sediment released into 
1 
the coastal waters of the United Kingdom is dredged material from maintenance and capital 
dredging, which is estimated to be 50 million tonnes p.a. (Delo & Burt, 1991). 
In addition to the physical alteration of the sediment balance, fine sediments (silts and clays) 
and the organic matter often associated with sediment have a high adsorptive capacity 
(Lamere Hennessee et al., 1986). As a result, many of the allochthonous products introduced 
into rivers, estuaries and the marine environment, especially anthropogenic chemicals which 
are hydrophobic, enter the aquatic environment and are adsorbed onto fine suspended 
sediments. 
It is therefore often more important, particularly from an environmental management 
viewpoint, to predict the movement of fine cohesive sediment rather than coarse sediment, 
even in low energy environments. For example, fine sediment undergoes repeated cycles o f 
deposition and resuspension, often for months and years prior to final consolidation, 
continually recycling pollutants by resuspension and deposition of sediment (Morris e/ a/., 
1982 a,b). In addition, activities by man and high energy events including flood erosion can 
cause a remobilisation of sediment-bound pollutants back into the water column. Sediments 
which have adsorbed pollutants can be recirculated and may cause a pollution hazard in the 
short term, or travel large distances before settling permanently, leading to a long term 
accumulation of pollutants to relatively high concentrations. Pollutants associated with 
sediment may then be gradually released into the water column, especially trace metals which 
cycle between dissolved and adsorbed phases (Duinker, 1980; Morris et al ., 1982a; 
Weirich, 1986). The sediments themselves are therefore both the physical location and the 
carrier mechanism for numerous pollutants and the fate of contaminants in waters is closely 
related to the fate of the suspended matter. 
L I . 2 Sediment and Pollutant Dynamics with Respect to Lakes and Estuaries 
Rivers, lakes, estuaries and coastal waters are both sinks and sources for sediment and 
pollutants associated with sediment, due to dispersal and redistribution o f sediment by both 
natural and man-made processes (Turekian, 1977; Thompson & Eglinton, 1978; Wakeham et 
fl/., 1980; Bale tv a/., 1985; Ackroyd a/ 1986; Luettich a/., 1990; Delo & Burt, 
1991). Pollutant and sediment discharges to rivers can be retained within the riverine system 
for long periods during low river flow conditions and be buried or immediately flushed out 
into a lake or estuary due to increased seasonal river flow (Carper & Bachmann, 1984; Bale 
e/al., 1985; O'Melia, 1985; VVeirich, 1986). 
Most pollutants enter a lake or estuary from river input, freshwater runoff, outfalls from 
within the catchment and from coastal waters on flood tides (Lake et 1979; Buffle er a/., 
1987). The pollutants are in dissolved, colloidal and particulate form, and are present both as 
a consequence of natural processes and anthropogenic activities (Lemmin & Imboden, 1987; 
Delo & Burt, 1991). Many studies have found an accumulation of pollutants within lakes and 
estuaries associated with bed sediment and high suspended sediment concentrations in the 
water column (Grieve & Fletcher. 1977; Readman ei a/., 1982; Luettich ef a/., 1990). The 
high turbidity areas, or turbidity maxima found in an estuary (Section 1.4.3) concentrate 
pollutants including polychlorobiphenyls (PCB), polyaromatic hydrocarbons (PAH) and trace 
metals during the months o f low river runoff in the upper estuary where tidal oscillations 
maintain turbid waters (Readman ct al1982; Fresenius & Luederwald, 1984; Nuernberg, 
1985; Morris era/., 1986; Twilley & Ward, 1986, Abarnou e/al., 1987; Amos, 1987; Little 
etal., 1987; Delo & Burt, 1991). 
The importance of sediments and the cycling of sediments with adsorbed pollutants in all 
aquatic environments is clearly important both from an environmental and engineering 
viewpoint. A clear understanding of the processes which affect the movement, transport and 
accumulation of polluted and non-polluted sediment, in addition to the development o f tools 
and techniques to enhance that understanding is required. 
1.2 S E D I M ENT TRANSPORT 
1.2.1 Techniques to Assess Sediment Transport 
In order to understand sediment dynamics in both lakes and estuaries, it is necessary to 
describe and discuss the techniques used for assessing sediment transport and the processes 
that affect the movement o f sediment that are common to both environments, including 
erosion and deposition. The movement o f sediment is a direct function o f current velocity 
and the magnitude and direction o f the residual current wil l dictate where the sediment is 
transported to, how quickly and whether the sediment will undergo a series of cycles o f 
deposition, erosion and transportation before its fmal settling point. 
It is important that techniques are developed to assess both the source and sink o f sediment 
and to monitor the physical movement o f sediment in order to establish any physical or 
chemical effects which might occur. 
Several authors have concentrated on aspects of estuarine circulation and sedimeniology in 
site specific case studies to confirm physical and chemical parameters, and features o f 
estuaries (Allen et al1980; Biggs et al., 1983; Pejrup, 1986; Avoine & Larsonneur, 1987). 
In addition, other authors have investigated a specific feature o f sediment movement or water 
circulation to emphasise and infer the general physical characteristics o f the study area, 
sediment or water (Owen, 1970a,b; Eisma et al., 1980; Burl, 1984; Kranck, 1984; Gibbs, 
1985). To further advance the understanding of sediment movement new techniques have 
been developed (Bale et a/., 1987; Newman et al,, 1990a; Fennessy et al., 1994). 
Despite this knowledge of sediment movement in specific environments certain aspects o f 
sediment transport remain difficult to predict (Uncles et al., 1985; Dyer 1989), particularly in 
environments which are continually changing as a result of man's activities; for example 
maintenance dredging areas (Delo, 1988b). Delo claims that it is not possible to predict the 
behaviour o f cohesive sediment directly from its physical and chemical properties alone and 
1.2.2 Fine Cohesive Sediment Transport Processes 
Fine cohesive sediment is continually transported in lakes and estuaries due to the dynamic 
conditions which exist as a result o f natural phenomena including tides, waves, riverflow and 
wind (Nichols, 1984; Luettich et al 1990). The variability in the energy o f these 
phenomena and a number o f other important parameters (which have a greater or lesser 
significance depending on whether in a lake or estuarine environment) including water depth, 
fetch, water column stratification and chemical and mineralogical composition of the 
sediment affect the water column velocity and hence the degree o f sediment transport 
(Hakanson & Jansson, 1983, Nichols, 1984). In high energy environments the current 
velocity may be sufficient to erode bed sediment into suspension where it wi l l be advecied 
with the residual current. Eventually, the current velocity decreases to a level at which the 
suspended sediment wil l settle out and be deposited on the bed once more. This cycle o f 
sediment movement can be repeated several times before permanent deposition or flushing 
out o f the lake or estuary occurs. Uncles et al ., (1989) and Luettich et a/., (1990) have 
shown a continual cycling o f sediment between the bed and the water column in an estuary 
and a lake, respectively. In addition to natural phenomena activities by man including 
construction, dredging and disposal leads to transport o f sediment in lakes and estuaries and 
either removes or enhances the erosion stage o f the cycle, thereby increasing the potential 
transport o f the sediment. Figure 1.1 indicates schematically the sediment resuspension, 
transport and deposition cycle. 
1.2.2.1 Erosion and Resuspension 
Movement of sediment from the bed commences when the shear stress becomes sufficiently 
large to overcome the friclional and gravitational forces holding the sediment on the bed. 
This is known as the critical shear stress, and the velocity which determines the sediment 
movement is the critical shear velocity. Cohesive sediment on the bottom of a tidal estuary or 
lake comprises a complex sediment bed due to the variance in floe aggregate properties. 
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The nature of the sediment bed varies spatially and with depth (Black, 1994). 
For the purpose o f this explanation and study of shallow marine and freshwater 
environments, the surface of the sediment bed has been simplified into two distinct layers, a 
consolidated bed over which a " f lu f f ' or nepheloid layer lies (Nichols, 1984). The underlying, 
more compacted sediment may have a critical erosion shear stress of approximately 1 Nm ", 
and have a water content of between 50-70% (Dyer, 1986; Delo, 1988a). The overlying 
surface " f lu f f ' layer is less compacted and comprises an interfacial sediment layer, which is 
composed of loosely held aggregated material with a water content between 85-100%, and 
which will erode at shear stresses of approximately 0.1 Nm * (Nichols, 1984; Newman et al., 
1990b). This " f lu f f ' layer forms as a result of settling floes in quiescent conditions during 
tidal slack water or during low flow conditions and represents a layer which is periodically 
resuspended. The erosion of this layer is of^en referred to as redispersion rather than 
resuspension and indicates the entrainment of sediment from a consolidating or settled mud 
bed. {Mehiaetal., 1982; Nichols, 1984). 
The resuspension o f a consolidated or settled bed often occurs as clumps of sediment, as a 
result of mass failure of the sediment surface during very high shear velocities and erosion 
shear stresses (Delo, 1988a). Increasingly larger shear stresses are required with depth 
through the sediment as shown in Figure 1.1. Movement of cohesive sediment therefore falls 
into two categories and is a function of the magnitude o f the shear stress. Erosion o f sub-
surface sediment layers would usually occur during high riverflow conditions, waves or peak 
tidal flow. The term erosion is used here to define the initial movement o f sediment o f f the 
bed and is directly related to the critical erosion shear stress and critical erosion shear 
velocity. Resuspension is defined as the entrainment of sediment once eroded into the water 
column and therefore is the mechanism of sediment movement. 
The critical erosion shear stress of sediment is a function of numerous factors including 
salinity, microbiology, geochemistry and clay mineralogy. Some of the specific factors which 
affect critical shear stress include "glue" properties caused by pelletization of fine sediments 
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by tubificids (Fukuda & Lick. 1980), bacterially active compounds such as 
mucopolysaccharide films (Linley & Field, 1982), degree o f consolidation ( Section 1.2.2.3) 
(Stephens et al., 1992), composition of the bed, biota and coverage o f the bed (Montague, 
1984), temperature and chemistry of the overlying water, and pore fluid and bioturbation 
{Leeefal., 1981; Nichols, 1984; Parchure & Mehta, 1985). Nichols (1984) provides a 
comprehensive list of the factors affecting erosion and resuspension and Black (1994) 
of erosion of marine cohesive sediments to 
reviews the level of understanding and processes 
date. The range of variables which affect erosion makes it difficult to predict the critical 
erosion shear stress. However, Delo (1988a) proposes an empirical relationship between 
critical erosion shear stress and dry density: based on the complex interactions this is 
an over simphfication (Stephens et al.^ 1992). 
Erosion o f particles from the surface of a deposit by current or wave motion is the main 
process by which sediment is introduced back into the water column after primary deposition 
or as part o f a continual cycle o f resuspension and deposition. Once the sediment particles 
have been eroded and resuspended they can be advected and redistrubuted by the residual 
water currents. Transport and advection o f suspended sediment in the prevailing water 
circulation occurs until the sediment begins lo settle out when the bed shear stress equals the 
critical deposition shear stress. Dyer (1988) notes that in an estuary on the ebb and flood 
tide the current velocities can be the same, but the bed shear stress can be quite different due 
to bed roughness and stratification. 
1.2.2.2 Deposition - Settling Velocity and Flocculation 
Particulate material will remain in suspension whilst the turbulence and bed shear stress is 
sufficient to maintain the material in the water column (Dyer, 1988). When the shear stress 
and turbulence in the water column equals the critical depositional shear stress the particulate 
material begins to be deposited on the bed. Deposition o f suspended particulate material 
(SPM) is controlled by two inter-related parameters; settling velocity and flocculation (Figure 
1.1). The rate at which the particles settle, or settling velocity, is a function o f the size and 
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density o f the sediment particles and flocculation processes. 
The basic parameter used in determining rates o f deposition in either still or flowing water is 
the settling velocity o f the flocculated sediment. Settling velocity is the rate at which a 
sediment grain settles out o f suspension back to the bed. Settling velocity is dependent on the 
suspended sediment concentration; settling velocities increase with higher suspended 
concentrations since the frequency o f inter-particle collision increases, leading to the 
formation o f floes (Krone, 1972; Stevenson & Burl 1985; Puis & Kuehi, 1986). Settling 
velocity is also a function o f salinity, but this is considered to be o f secondary importance to 
turbidity (Delo, 1988a). Flocculation increases with turbidity (Migniot, 1968; Kranck, 1981), 
and to a lesser degree with salinity (Kranck, 1975; Gibbs, 1983), leading to an increase in 
floe size and settling velocity up to a point when fluid shear, due to the particle falling 
through the water column, breaks up the inter-particle forces or when hindered settling takes 
place when the floes are sufficiently close together that they impede each others settling and 
form an interface with the overlying water (Owen, 1970a; Dyer, 1988) 
The process o f flocculation and the size and type o f floe is a function o f a number o f 
parameters, including organic-inorganic composition, grain size, density, pH, grain 
mineralogy, suspended particulate concentration, salinity, the number o f inter-particle 
collisions and turbulence structure, internal shear and bed shear stress o f the water column 
(Burt, 1984; Kranck, 1984; Eisma, 1986, Delo, 1988a; Weilenmann t^/a/., 1990). 
Flocculation depends on collision and cohesion (Krone, 1962); inter-particle collisions 
between suspended sediment due to local shear in the water column and cohesion causes 
them to adhere to each other and form aggregates o f particles or floes. Kranck (1984) and 
Eisma (1986) describe the importance o f flocculation o f suspended sediments and the 
different types o f floes. Eisma indicates that there are three types o f suspended matter in 
estuaries and rivers; macroflocs which have a range in millimetres, microflocs which range up 
to lOO+fam and mineral particles. Macroflocs often comprise microflocs loosely bound and 
individual mineral particles. Individual particles have densities o f approximately 2.65 g cm'^ 
whereas floe densities, because of the aggregation o f water and minerals and floes are in the 
range 1.06 to 1.8 g cm ' (Dyer 1986). 
The varying densities of floes inevitably means that some floes will settle out before others 
and in conditions where bed shear stress and current velocity are critical, short-term 
fluctuations, such as changes from an ebb to flood tide around slack water in a tidal estuary, 
may lead to a separation between floe sizes (as seen by McCabe et al., 1992). In the event of 
rapid settling to the bed due to flocculation. Dyer (1989) notes if the flux is high, water can 
become trapped between floes creating a layer of homogeneous high concentration 
suspension or "fluid mud". 
As a flocculated suspension settles, an interface forms near the surface separating the 
suspension from the clear water. This suspension/water interface falls with time as the 
sediment accumulates as a layer on the bottom. Therefore from an initial homogeneous 
suspension close to the bed the interface between suspension and water falls and meets the 
rising bed. The rate of fall is slower because of consolidation and the newly formed water/bed 
interface slowly reduces (Owen, 1970a; Been & Sills, 1981; Ginger, 1987; Dyer, 1988). 
1.2.2.3 Consolidation 
Continual settling of floes on the sediment bed causes consolidation and squashing of the 
underlying floes (Owen, 1970a; Partheniades, 1972). This consolidation causes an expulsion 
of water and an increase in the shear strength of the mud. Therefore, water content 
decreases with depth due to compaction, and the combination of low water content and high 
clay content causes increased shear strength in the sediment (Figure l.l). Density and critical 
erosion shear stress increase almost exponentially with depth (Dyer, 1989). The degree of 
cohesion for fine-grained marine sediments controls erodibility and is not simply determined 
by grain size. Water content, mineralogy, cation exchange capacity, salinity of interstitial and 
eroding fluid, organic mucus content and Bingham yield strength are the parameters which 
affect consolidation (Owen, 1970b; Been & Sills, 1981; Burt & Parker, 1984; Ockenden & 
Delo, 1988). 
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1.2.3 Discussion 
For the context o f this study, there is quite clearly a size fraction of fine cohesive sediment 
which in a tidal estuarine or shallow lake environment undergoes repetitive erosion and 
advective transport followed by flocculation and deposition. In these environments the 
deposited sediment may only undergo partial consolidation before being eroded and the 
cyclic process is repeated. This may lead to long term retention of suspended particulates in 
environments, resulting in an accumulation of sediment and associated pollutants. 
1.3 S E D I M E N T TRANSPORT IN L A K E S A N D ESTUARIES 
1.3.1 Introduction 
As described in Section I . I , an understanding of sediment particle dynamics is particularly 
important in shallow lakes and estuaries. There is a growing awareness o f the role sediments 
play in pollutant dynamics, and in regulating the composition of water systems (Salomons et 
al., 1987) due to the high adsorptive capacity of fine cohesive sediments for dissolved 
pollutants (Mehta, 1984; Lamere Hennessee et al., 1986; Dyer 1989) and the repeated 
deposition and resuspension of sediment over long periods. 
Although initially the objective of this research was to develop and test a particle tracing 
technique for the study of sediment dynamics in estuaries, it was considered essential to carry 
out preliminary field tests in less dynamic environments, and ideally without the variable of a 
tide. A shallow lake in West Cornwall offered an ideal test site for a sediment transport 
study. The lake study highlighted the need to describe the trial separately and evaluate 
several areas of interest which are specifically related to lake sediment dynamics and 
pollution. 
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1.3.2 Lakes 
Lake research has invariably been carried out to investigate water quality and waste disposal 
(Gelencser et al., 1982). This work has resulted in a better knowledge o f lake circulation and 
an appreciation of the role sediments play in the movement and recycling o f pollutants 
(Carper & Bachmann, 1984; Aalderlink t f ^ a/., 1985; O'Melia. 1985; Somlyody, 1986;Sigge/ 
al., 1987; Luettich et al., 1990). It is recognised that lakes are efficient natural settling basins 
for inflowing sediment and particulate material due to extended hydraulic residence times 
which can range from months to years, (Weilenmann et al., 1990). This allochthonous 
sediment which enters the lake acts as a carrier for many adsorbed nutrients and toxic 
substances that originate from around the lake catchment. Long residence times ensure these 
sediments remain in the lake causing nutrient and toxic build up over many years leading to 
an internal loading (Vollenweider, 1975; Ryding & Forsberg, 1980). 
In circumstances where accumulations of pollutants occur over long periods, the lake's water 
quality and trophic state are altered, oflen irreversibly and the lake can remain affected due to 
a continual flux of pollutants from the bed sediment back into the water column during 
periods o f bed sediment erosion and resuspension (Lemmin & Imboden, 1987; Luettich et 
ai, 1990) In many lakes, the breakdown and recycling of accumulated sediment and 
pollutants leads to eutrophication; defined as lakes which have high productivity and nutrient 
rich waters. Eutrophic lakes can be found world-wide, and even after the external loading of 
polluted inflowing water has ceased the eutrophic condition continues due to the internal 
loading (Michleref f l / . . 1980; Vass, 1980; Zullig, 1982; Buffleert?/., 1987). 
The principal factors which influence water circulation, sediment remobilisation and hence 
water quality are interactive and include: 
i) Wind - Water surface 'setup' occurs where the lake surface water establishes 
an elevation gradient opposing the wind stress. As part of the balance, lake 
surface currents are formed which generally circulate in the direction of the 
13 
wind with a compensatory bottom flow opposite to the wind direction. Wind 
also creates short period waves (Sobey, 1986) which, in shallow waters, can 
lead to significant bed shear stresses and sediment resuspension (Csanady, 
1978;Hakanson&Jansson, 1983; Luettich t f / a / . , 1990; Marsh etai., 1993). 
ii) Temperature - Density currents, as a result of a temperature gradient between 
river and lake water, largely control the rate o f turbulent exchange between 
the two water masses, and therefore have a bearing on the fate and 
distribution of suspended and dissolved material (Hakanson & Jansson, 1983). 
iii) Riverflow - The discharge o f the inflow directly affects both the 
sedimentation processes by resuspension and deposition, and the residence 
time of the system (Weirich,1986). In lakes with short residence times the 
majority of sediment is washed straight through without releasing significant 
quantities of nutrients. 
iv) Sediment mineralogy - Size and mineralogy o f sediment particles directly 
affect the deposition and resuspension of the lake sediment, and the capacity 
for entrainment and binding of pollutants. 
v) Organic matter - The level o f organics and lake biota dictate the erosion, 
deposition and consolidation characteristics of the lake sediment (BufTle et al.. 
1987). 
vi) Global position - Coriolis forces and seasonal fluctuations in environmental 
conditions lead to characteristic sedimentation patterns and processes (Strum 
& Matter, 1978; Pharo & Carmack, 1979; Smith 1979). 
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The most significant effect on lake water circulation and sediment remobiiisation, particularly 
in shallow lakes (depth <5m as a function of fetch) is the formation of short-period waves, 
generated by wind (Sobey, 1986). These waves can lead to a resuspension of bed sediments 
releasing pollutants and nutrients back into the water column (Hakanson & Jansson, 1983). 
Nutrient levels and associated biogenic processes, i.e. algal blooms, in lakes with muddy beds 
have been found to correlate with episodic bottom sediment resuspension processes (Ryding 
&Forsberg, 1977; Gelencser a/., 1982; Reynolds, 1984; LueXiich et al.^ 1990). 
Ryding and Forsberg (1977) and Gelencser et al., (1982) indicate that wind induced 
turbulence causes a release of phosphorus (perhaps the most detrimental nutrient to lake 
water quality) which was of a comparable magnitude to the average daily external supply to 
the studied lake. Luettich el(1990) indicate that over 95% of the external supply o f 
phosphorus may be retained in the bottom sediment and subsequent turbulent mixing can 
reload the water column. Therefore, turbulent mixing is the key regulating factor o f nutrient 
transport from the sediment in shallow lakes by sediment resuspension. 
1.3.3 Estuaries 
A suspended particulate material (SPM or turbidity) maximum is a commonly observed 
feature in the low salinity reaches of many partially mixed and well-mixed estuaries (Allen et 
al., 1980; Festa & Hansen, 1978; Officer & Nichols, 1980; Avoine c?/a/., 1981;Ofncer, 
1981; Uncles et al., 1991a,b) and is indicative of fine sediment transport in estuaries (Dyer, 
1988). The turbidity maximum is generally located near the head o f estuary within the 
freshwater-saltwater interface (Figure 1.2) and migrates up and down the upper estuary on 
the flood and ebb tide respectively. The range of migration, the physical position and the 
magnitude o f SPM concentration varies with tidal amplitude (both tidal cycle and spring-neap 
cycle) and river flow (Buller & McManus, 1976; Allen e/a/., 1980; BalecVa/., 1985; Avoine 
&Larsonneur, 1987; Vale & Sundby, 1987; Uncles & Stephens, 1989). 
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The turbidity maximum is therefore a dynamic feature. The processes of formation are due 
to; 
i) gravitational estuarine circulation, due to the mixing between the riverine inflow of 
less dense freshwater flowing down-estuary in the upper water column and the denser 
saline water flowing up-estuary in the lower water column (Dyer, 1973; Officer, 
1976; Allen i^/a/., 1980; Morris e/a/., 1982a; Ba\eefai,, 1985) (Figure 1.2). This 
circulation leads to an accumulation of riverine and coastal SPM at the freshwater-
sahwater interface where a null point of residual velocity is found ( Postma, 1967; 
Schubel, 1969; Festa & Hansen, 1978; Officer & Nichols, 1980; Dyer, 1988). 
ii) tidal asymmetry, with flood currents exceeding ebb currents in the upper reaches o f 
the estuary leading to increased erosion and resuspension of sediment and an up-
estuarine tidal pumping and trapping o f sediment (Allen e/ aL, 1980; Uncles et ai, 
1984; 1985, 1991a; Uncles & Stephens, 1989). The sediment trapped in the upper 
estuary is deposited at high water levels due to prolonged slack high water and 
increased flocculation and settling induced by water laden with high suspended 
sediment concentrations (Section 1.2.2.2) close to the bed (Uncles etal., 1991a) 
iii) tidally induced shear forces causing local resuspension and deposition in the upper 
estuary (Allen 1980, Uncles e^/a/., 1984; 1985; 199la,b). 
Suspended sediments within an estuary, and in particular within the turbidity maximum, 
undergo successive cycles of erosion, transport and deposition prior to permanent deposition 
clearly affecting the cycling of adsorbed pollutants (Section 1.1). In addition, i f sediment is 
trapped within the upper estuary and also actively pumped up-estuary, then any pollutants 
within the catchment may become incorporated with the sediment and retained within the 
turbidity maximum for long periods o f time. This will lead to an accumulation o f polluted 
sediment within the upper estuary, possibly for long periods until river f low increases and the 
turbidity maximum is displaced down estuary (Bale et a/., 1985). 
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Several studies have identified high levels o f pollutants including PAHs (polyaromatic 
hydrocarbons), PCBs (polychlorobiphenyls) and trace metals associated with the turbidity 
maximum indicating an active process of pollutant cycling and retention (Choi & Chen, 1976; 
Grieve & Fletcher, 1977; Morris 1982b; Readman et al, 1982; Fresenius & 
Luederwald, 1984; Nuernberg, 1985; Ackroyd a/., 1986; Morris et al.^ 1986; Twilley & 
Ward, 1986, Abarnou et ai, 1987; Ackroyd a/., 1986; Amos, 1987; Little e / f l / . , 1987; 
D e l o & Burt, I99 I ) . Work by Ackroyd (1983) and Moms et ai, (1987) indicate a large 
removal o f trace metals from solution in the turbidity maximum area o f an estuary, and work 
by Morris (1986) indicates removal was due to uptake on to suspended sediment particles. 
Actual determination of sediment transport pathways in estuaries is complex because there 
are many sinks and sources for the sediment, although intertidal mudflats around the high 
water mark are considered to provide a major sink (Dyer, 1989; Uncles et al, 1991). 
Additionally, the complexity is increased due to tidal and seasonal fluctuations. Tidal 
variations can range from a single tidal cycle to a spring-neap cycle leading to a variation in 
tidal energy, turbulence and ultimately the degree of resuspension of sediment (Allen et a/., 
1980; Bale a/., 1985; Uncles a/., 1985). Seasonal variations include river flow, solar 
irradiation and wind stress. The mechanisms involved in the net transport o f sediment are 
difficult to quantify from short term measurements. Most sediment may be moved during 
short, high energy events rather than the intervening long, low energy periods. These high 
energy events are difficuU to monitor. It is thought that major sediment exchanges occur 
between the turbidity maximum and the bed and intertidal areas, however, the magnitudes 
and frequencies o f these exchanges are poorly known (Uncles et a/., 1985; Dyer, 1989) 
1.3.4 Discussion 
The preceding sections clearly indicate that an ability to examine the actual movement and 
dynamics of specific particles in riverine, estuarine and marine environments, in order to 
improve our understanding of sediment and pollutant transport pathways would be 
invaluable. To achieve this, a knowledge o f the cyclical sediment processes including erosion, 
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transport, deposition and consolidation would be required, in addition to the development of 
tools and techniques to undertake the necessary research. 
Some of the interactive processes for estuarine circulation and sedimentology are complex 
with certain areas poorly understood (Uncles ef ai, 1985; Dyer, 1989; Bale 1988; Delo, 
1988a), and there is a need to evaluate the parameters of cohesive sediment movement in 
situ. Delo (1988a) supports a laboratory based measurement in situ as opposed to field in 
situ^ however he agrees the resultant data are of limited value when applied to the field 
situation. Additionally, the transport of sediments within a water column is not the same as 
the flow of water itself, due to settling, deposition and re-entrainment. Particle dispersal is 
not dictated by the same parameters as water flow and therefore it is imperative that the 
movement of particles and particle residence times be measured directly. 
1.4 OBJECTIVES AND O U T L I N E O F T H E RESEARCH 
The use o f tracers as particle analogues is considered an extremely useful tool to better our 
understanding of sediment dynamics (Salomons & Mook, 1987; Dyer, 1989; Newman et al, 
1990a; Spanhoff & Suijien, 1990b). The aim of this research project was to develop a 
technique using tracers to provide a pragmatic approach for investigating mass and specific 
sediment movement in aquatic environments, specifically within an estuary. 
It was hoped that by exploring the feasibility of such an approach, future investigations into 
sediment dynamics could employ the technique in parallel with other methodologies to 
provide a more complete picture of sediment movement and pollutant cycling, greatly 
assisting the management of aquatic environments. 
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C H A P T E R 2 
T H E S T U D Y O F S E D I M E N T DYNAMICS USING P A R T I C L E 
T R A C E R T E C H N I Q U E S 
2.1 nVTRODUCTION 
The dynamics of aquatic particles are important both in terms of the geochemical cycling of 
natural substances, and in the transport and fate of particle-reactive anthropogenic pollutants 
(Newman, 1990b). This is due to the high adsorptive capacity of fine suspended sediments 
for dissolved chemicals and pollutants (Mehta, 1984; Lamere Hennessee, 1986; Dyer, 1989). 
Two approaches in particular are commonly used to investigate the processes involved in 
pollutant cycling within aquatic environments and to determine sinks and sources o f polluted 
cohesive sediments. 
Firstly, changes in water chemistry can be used to provide information on the behaviour o f 
trace constituents. Secondly, changes in suspended sediment composition can be monitored 
(Salomons & Mook, 1987). Fine sediments can travel large distances before permanent 
deposition and consolidation, resulting in accumulation of toxic chemicals and build up o f 
sediment requiring dredging. To determine the impact of this accumulation, knowledge o f the 
sediment source and the behaviour and processes involved during movement is 
indispensable. The sediment to be studied rarely has a sufficiently accurate fingerprint to 
allow precise tracing, and if no suitable natural tracers exist in the environment to be studied 
then artificial tracers provide an alternative. 
Tracers have the ability to provide a more pragmatic approach to an engineering or 
environmental problem than synthesising instantaneous observations o f sediment transport. 
The use of tracers for data acquisition yields information on the flow conditions and sediment 
transport mechanisms that occur af\er the introduction o f the tracer. Tracers also enable 
observations to be carried out on the overall mass budget o f sediment. In addition, tracers are 
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unique and extremely useful for studies of sediment movement during events which are too 
violent to allow sampling i.e. storms and floods. Therefore, the use of tracers enables the 
precise determination o f whether a specific site acts as a sink or source for contaminants 
during short and long time-scales (Salomons & Mook, 1987). 
2.2 S E D I M E N T T R A C I N G - A R E V I E W 
2.2.1 Introduction 
Tracer techniques are used in a wide range of applications, in the marine aquatic 
environment, tracer experiments are employed for investigating water and particulate 
material residence times. To determine sediment movement, the particles themselves can be 
traced using natural or artificial tracers, or the water in which the sediment is being 
transported can be traced using fluorescent water dye. 
Fluorescent dyes are frequently used for the study o f surface water movement to provide 
information on the advection and mass budget of suspended sediment. Horizontal and 
vertical dispersion coefficients and flow patterns can also be determined by employing 
fluorescent water tracers. 
2.2.2 Photoluminesceiice: Phosphorescence and Fluorescence 
Luminescence is the process o f emitting light unaccompanied by heat and is a property 
shared by most subtstances given appropriate circumstances. It is however, quite rare under 
normal conditions of daylight to have emissions of incident light wavelength, more commonly 
known as photoluminescence. There are also other types o f luminescence including thermo-
(heat), chemi- (chemical reaction), radio- (radioactive decay), electro- (electric current), bio-
(organism activity), tribo- (frictional forces) and cathodo- (electron bombardment) with the 
initial source o f energy defined by the prefix (Martindill, 1993). 
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Photoluminescence can be divided into two categories, phosphorescence and fluorescence. 
Phosphorescence is where the time between absorption and emission of photons is long 
enough to create an appreciable afterglow. Fluorescence is where the absorption/emission 
cycle is so fast as to appear instantaneous. The dividing line is generally accepted to be 
around 10"" seconds. Absorption o f a photon by a photoluminescence atom or molecule 
happens extremely quickly, in the order of 10 -15 seconds. The rest o f the time is taken up 
converting the energy internally in a number of discrete stages before re-emission (Martindill, 
1993). 
Al l fluorescent organic compounds contain an extended series o f conjugate double bonds, 
mostly in the form of benzene or heterocyclic rings, an electron acceptor and a donor group 
of atoms. The stimulus of light energy causes electrons to shift from the donor group to the 
benzene ring, which in turn gives up electrons to the acceptor group. A luminescing atom or 
molecule comprises one or more atomic nuclei surrounded by orbiting electrons, each with 
its own amount of energy. I f the electron energy is increased or decreased it will change 
position, although there is a ground state which is the most stable. I f energy in the form of a 
suitable incident photon is absorbed by an outer electron the electron wil l assume a higher 
energy level. The suitability o f any photon for absorption will depend on its energy and 
whether this corresponds to the energy needed for the electron to jump to its next most 
stable state. Although reasonably stable, this excited condition is always less stable than the 
ground state, and almost immediately the energy may be ejected in the form of a new photon 
with exactly the same energy as the one absorbed. This is resonance radiation and is the most 
simple form of photoluminescence. 
In most cases after the electron has assumed its higher energy level, but before the ground 
state is resumed, a small amount o f energy is lost internally. Consequently when the new 
photon is finally emitted it has a lower energy than that absorbed. This is the general 
expression o f Stokes Law, that emitting light will always have less energy, or a longer 
wavelength than absorbed light. The difference in wavelength of absorbed and emitted light is 
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referred to as the Stokes Shift. The energy lost internally, or non-radiative loss, is the major 
factor in determining the luminescent efficiency or quantum yield of the system (Martindill, 
1993). The normal time for the electrons to return to their lower energy state is o f the order 
10"^  seconds or less. 
2.2.3 Fluorescent Water Dyes 
The most commonly used fluorescent water dye is rhodamine-B which is soluble in water and 
exhibits low toxicity (Jahnke & Michaelis, 1990). Rhodamine-B has been used extensively in 
studies investigating the advective transport and turbulent diffusion of conservative 
constituents in a water body (Jahnke & Michaelis, 1990; Kolb & Franz, 1990; Suijlen & Van 
Leussen, 1990). Detection of the fluorescent dye is by spectrofluorophotometer (sfpm) with 
detection limits o f the order 10'" kg m ^  using an in situ probe (Jahnke & Michaelis 1990). 
Suijlen and Michaelis (1990) describe detection by high pressure liquid chromatography 
(HPLC) with limits o f the order 10''' kg m"' and with a capability of detecting a number o f 
tracer materials simultaneously. 
There are two significant disadvantages with fluorescent dye tracers and these are related to 
the stability and intensity of the fluorescent spectra. The fluorescent spectra, and therefore 
intensity of fluorescent dye, is affected by dye stability. External factors including pH, 
temperature, dye concentration, dimerization of the molecules and chemical interaction lead 
to a change in the fluorescence spectra. This prevents predetermined settings of sensitivity of 
an instrument throughout a monitoring study on a quantitative basis. One fluorescing 
molecule has only one photon of fluorescent light to emit. This prevents high detection limits 
being achieved, since many molecules are needed in a sample or close to a sensor head to 
enable the most sensitive detection systems to measure a fluorescence response. 
However, the main disadvantage of the use of water dyes to determine sediment movement is 
that it assumes that suspended sediment behaves similarly to dissolved material, which is 
incorrect (Spanhoff & Suijlen, 1990a,b). Therefore, for a more accurate determination of 
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suspended sediment dynamics, particle tracers are more suitable. 
2.3 P A R T I C L E T R A C E R S 
2.3.1 Introduction 
Fine sediments may travel large distances in estuarine and marine environments from their 
source to their final destination where they settle permanently and accumulate. The sources 
may be natural, erosion for instance, or anthropogenic, such as dumping. To determine the 
impact of a specific source it is always necessary to distinguish the source sediments or 
pollutants from background or other pollutant sources. The sediment to be studied rarely has 
a sufficiently distinct fingerprint to enable sourcing, which create a need for an artificial 
tracer (SpanhofT& Suijien, 1990b). 
A tracer particle is one which can be followed or monitored, above background through a 
system to enable some indication of how that particular system works. A tracer, for use in 
determining the sediment particle dynamics in freshwater and marine environments, has to 
fu l f i l certain requirements. 
i) resemble the sediment closely, hydraulically and in terms of physico-chemical 
properties such as density, settling velocity, size and surface charge. 
ii) have a conservative behaviour with time during transport and after deposition 
(Salomons & Mook 1987; SpanhoffiS: Suijlen, 1990b) 
iii) be easy to detect rapidly and reliably, and be detectable above the background 
(Carey, 1989; Newman et a/., 1990a) 
iv) cause no harm to the environment 
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Four basic categories of tracer can be used for particle tracing experiments in the field: 
1) natural, 
2) chemical, 
3) radioactive and 
4) fluorescent. 
The latter is focussed on and discussed separately due to the particular relevance to this 
research project. 
2.3.2 NnturnI Tracers 
The use o f natural tracers is advantageous over artificial and radioactive tracers due to the 
ease and frequency o f sampling and the reduced cost, although the tracer must have a 
conservative behaviour during transport, with time and after deposition. Salomons and Mook 
(1987) applied the use of natural differences in composition between marine and fluvial 
sediments as a natural tracer, and were able to determine a mixing ratio between the two 
sediment types. Marine sediments were seen to be transported beyond the freshwater 
boundary in an estuary. However, the source of the natural tracer needs to be specific, and 
again the system has to be in equilibrium. 
Differences in chemical, mineralogical and isotope composition of sediment have been used 
to interpret pollutant patterns in estuaries. However, problems have arisen due to the 
compositions varying with grain-size distribution. In addition, Salomons and Mook (1987) 
found that chemicals associated with sediment were reactive during transport within an 
aquatic environment, which in turn changed the sediment composition. For example, redox 
changes and physical processes such as differential flocculation and sedimentation changed 
the sediment composition. Wiley and Atkinson (1982) examined the possibility o f using 
natural fluorescence, dissolved silica and salinity discharged by two different river types 
(piedmont and coastal plain) into the ocean as natural tracers. Natural fluorescence was 
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successfully used in the two study areas as a tracer for the examination of riverine-marine 
mixing processes. 
2.3.3 Chemical Tracers 
Although chemical tracers can be used which are both natural and added, Mahaut and Graf 
(1987), and Salomons and Mook (1987) consider the use of natural and artificial tracing 
methods to be complementary, each providing their own solutions to sediment transport 
problems. Added tracer particles enable the transport pathways in aquatic environments to be 
examined more closely, ahhough the stability and residence lime of the tracer determines 
over what time period this information is available. 
Chemical tracers can be used for particulate tracing studies and these have been examined by 
Spanhoff and Suijien (1990a). Generally these are man-made chemical compounds that enter 
the aquatic environment by deliberate legal or illegal introduction, industrial accidents, 
licensed emission or from more diffuse sources such as agriculture and atmospheric 
deposition, e.g. organophosphate pesticides, heavy metals (Spanhoff & Suijien, 1990a). 
Many o f these compounds are hydrophobic and are adsorbed on the suspended particulate 
material that transport them (Salomons & Mook, 1987). The distribution o f the chemical can 
provide quantitative information on the paths and fate of the chemicals concerned and 
associated sediment. 
Many chemicals are unreactive in the aquatic environment and can be used as a tracer 
including for example highly substituted cogeners of PCBs which have low solubility and bio-
degradability. One problem with such chemicals is their strong affinity to the organic matter 
in sediments, resulting in different transport patterns to other components of the sediments 
(Spanhoff & Suijien, 1990a). Another disadvantage is that chemicals are often difficult to 
measure on a routine basis. These chemicals, including PCBs and PAHs, are also lipophilic 
and as a result build up in the fatty tissues of organisms causing toxification of species high 
up the food chain. The chemicals which can be used as chemical tracers are therefore the 
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same nuisance chemicals which cause environmental problems and which require much 
greater monitoring and control of emission. 
2.3.4 Rndionctive Tracers 
Deliberately released radioactive tracers cause much public concern (Spanhoff & Suijlen, 
1990b), although they have been used to study particulate transport in many aquatic 
environments (Crickmore, 1976). Crickmore (1976) outlines techniques, developed and used 
by the Hydraulics Research Station during the I960's and 1970's, using radioactive tracer 
particles to enable the interpretation of sediment transport in the engineering and dredge 
dispersal field. Several studies have involved the use of sand and silt sized radioactive 
particles with a half-life chosen to suit the experimental duration with in situ and continuous 
detection possible (Vukmirovic, 1963; Hubbeli & Sayre, 1964). Bromine 82, a gamma-
emitting isotope, which has a half-life of 36 hours, is especially useful for short-term 
dispersion studies. Other isotopes, such as Gold 198 (half-life 2.7 days) and Silver 110 
(half-life 253 days), have been used for longer-duration studies. Moine et al., (1985) studied 
sediment transport over a five year period using radioactive Scandium, examining the 
resuspension and drifting o f sand particles. 
Despite the regular use of natural radioactive tracers to measure particle residence time and 
sediment particle movement, success is limited due to .difficulties in ensuring the tracer is in 
equilibrium with the sediment (Dyer, 1989). There are also other limitations to radioactive 
tracers, other than the obvious health risks and handling difficulties; they cannot be used in 
drying areas such as beaches, tidal flats etc. and as yet there is no successful labelling method for 
predominantly fine silt and clay deposits (Allen et ai, 1980). 
Natural decay o f elements provides a much more acceptable source o f radioactive tracers 
which can be used for the study of long-distance particle transport, due to variations in their 
concentrations in the sediments. Natural radioactive tracers used during particle tracing 
experiments include many different elements, e.g. Carbon 14, Silicon 32, Lead 210 and 
28 
Thorium 234. Each environment must be tested specifically to find a natural tracer. Mahaut 
and Graf (1987) used natural radioactive isotopes to determine long-term and short-term 
sediment movements, although they concluded that it was necessary to use artificial tracers in 
order to observe the transport of specific particles. 
2.4 FLUORESCENT TRACERS AND D E T E C T I O N 
2.4.1 Fluorescent Tracer Particle Studies 
Artificial fluorescent tracer particles are highly detectable above background fluorescence 
due to the specific fluorescence spectra of an added fluorescent element. Fluorescent tracers 
have a minimal health risk, and enable almost any aquatic environment to be studied, being 
able to examine specific processes and mechanisms involved in particle transport. 
Fluorescent tracers often require blind sampling, particularly i f the tracer is evenly dispersed 
and remains within the study area. This can be overcome to a large extent with an accurate 
field survey o f the study site and adequate sampling. 
Several studies in recent years have used fluorescent particles for the determination of sand 
transport mechanisms and processes. Nevmian (1964) recognised the importance o f 
fluorescent tracer particles in the understanding of sediment behaviour, and outlines the 
various chemicals and synthesis procedures required to manufacture a fluorescent block 
which can be crushed to a required size. 
Ruck (1972) suggested that studying sediment movement could be undertaken using 
sediment petrography and marked tracer material. Ruck painted sand particles using 
"Wasserglas" (Na SiO^) to act as a resin to allow the attachment o f fluorescent paint to the 
particle surface. Hydraulic properties were unaltered after the washing and drying process, 
however detection proved difficult. Ruck (1977) avoided this detection problem by 
incoporating radioactive tracers enabling the initial location to be found more easily. 
Shrivastava (1975) outlined an approach to sand painting used in India, and provides a useful 
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breakdown of the available dyes, binders and painting techniques which can be used for field 
experiments. 
However, the information on sediment particle transport using sand grains employed by 
Shrivastava (1975), Ruck (1977) and Mahaut and Graf (1987) had limited use due to the 
labour intensive detection (e.g. optical microscopy and uhra violet (UV) light under dark 
conditions), and poor resolution o f the dispersed tracer particles. Fluorescent sand grains are 
now available commercially and have been used extensively in many beach and coastal 
applications worldwide (Farinato & Kraus, 1981; Kraus t ^ / f l / . , 1981; Burroughs, 1983; 
Ditmars et a/., 1986). Detection was still labour intensive using LA^ light employing manual 
counting or a spectrofluorophotometer and in some cases utilising precise selection o f the 
specific resin and dye in question to be detected on the spectrofluorphotometer (Farinato & 
Kraus, 1981). This quantitative analysis provides an overall measure o f fluorescence, not an 
accurate assessment o f the number o f particles. 
These painting techniques cannot be used to manufacture cohesive sediment tracer particles, 
since they form hard blocks which cannot be broken up into their discrete grains with any 
degree o f uniformity of the fluorescent coating (Section 3.4). 
The need for a cohesive sediment tracer led to an examination of synthetic commercial 
particles which closely resembled natural silt particles (Draaijer et a/., 1984). Louisse et al.^ 
(1986) found a fluorescent particle which had similar physical characteristics to cohesive 
sediment, which they called a 'Luminophore'. The fluorescent tracer particle comprised a 
highly fluorescent powder with small particle sizes which were delected by a fluorescence 
microscope. Spanhoff & Suijlen (1990a) describe the potential use of this fluorescent powder 
for the use in tracer studies examining large scale cohesive sediment transport. Newman et 
a!., (1990a,b) examined the possibilty of undertaking a particle transport study o f a sewage 
plume using an identical fluorescent powder to Spanhoff and Suijlen manufactured by Day-
Glo Color Corp. Extensive laboratory tests by Newman et al.,(\990a) suggested the 
powder was sufficiently analogous to fine cohesive sediment. 
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Newman et a/., (1990a) noted that i f automated tracer particle counting was developed then 
fine particle tracers could be detected at lower concentrations. They showed analytical flow 
cytometry (Section 2.4.2) to be a viable method for detecting and sizing small fluorescent 
particles in laboratory suspensions. Extension of this technique to particle dynamics of a 
marine system, provided a valuable new tool for investigating the mechanisms underlying 
transport, deposition and erosion of natural aquatic particles. 
Newman et ai, (1990b) introduced fluorescent particles into a coastal embayment system 
and af\er taking bottom sediment samples, particle concentrations in the top 2cm of bed 
sediment were counted using analytical flow cytometry. Some problems were encountered 
during this work i.e. the sampling grid was too coarse and particles were washed out o f the 
system and so no information on the small scale variability was therefore obtainable. Newman 
et a/ (1990b) suggested that an evaluation be made prior to the experiment in order to 
determine the density and size distribution of the natural suspended sediment, the average 
depth o f the water column and advective flushing rate of the site to prevent such problems; 
they concluded that with adequate experimental design the method was viable. 
The use o f a fluorescent dye within suitable resin material as a particle provides total stability 
from changing external factors, stabilising the fluorescent spectra, intensity and detection. In 
addition, the use of fluorescent dye in resin allows more fluorescent light photons within the 
particle, increasing the detection limits of the particles either in the field or in the laboratory. 
2.4.2 Analytical Flow Cytometi*y 
Analytical f low cytometry (AFC) is a novel technique for the rapid analysis (scanning more 
than lO' particles s ' ) , and sorting o f single cells based upon simultaneous, mutiple 
measurements of laser-induced particle fluorescence, light scatter and impedance (Burkill & 
Mantoura, 1990). AFC is a biomedical technique that is being increasingly applied in many 
other scientific fields, including oceanography (Holme-Hansen et cr/, 1984; Cucci et a/., 
1986). This is due to its quantitative capability, versatility, sensitivity, speed, statistical 
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precision, and ability to identify cell subsets in, and sort them from, heterogeneous 
populations (Burkill & Mantoura, 1990). The technique used in this study has been reviewed 
recently by Shapiro (1988). The equipment used is the same as that reviewed by Burkill 
(1987a). 
Particles within the f low chamber o f the Analytical Flow Cytometer (Figure 2.1) are 
hydrodynamically focussed by a sheath stream. The laser light irradiates each particle as it 
passes individually through the beam. Each particle scatters the light and can fluoresce light 
which is recorded on a photodiode. Photomultiplier tubes measure the 90° light scatter to 
give the particle refractive index, and measure the fluorescence properties o f the particles in 
terms of red and green fluorescence. The signals are converted by sensors and held in a 
computer file. Detectors are mounted to measure forward-angle-light-scatter (FALS) which 
is then interpreted in terms of particle size by calibration, topographic and internal particle 
structure. Particle sorting is possible to a purity o f greater than 98% using electrostatic 
charge generated by vibrations from a piezoelectric transducer in the sample stream. Filters 
optimise the fluorescence properties of particles in the flow cytometer allowing specific 
excitation and emission spectra to be examined. The lower the laser power the more precise 
the detection of particles, but the less defined the fluorescent peak. Therefore, adjustments in 
laser power can increase the fluorescent definition of particles but has the effect of lowering 
the detection of part o f the particle population. 
Although particle sizing can be carried out, albeit indirectly, Baier e/a/., (1989) showed the 
sizing and electrostatic sorting of clay particles to be inaccurate; the particles were randomly 
orientated within the sample stream and therefore forward angle light scatter did not relate 
clearly to particle size. Despite the random orientation o f the particles within the stream it is 
still possible to obtain a good representation of the particle size as found by Newman ef a/., 
(1990a) and Marsh ei a/., (1991). 
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Figure 2.1 Schematic diagram of the particle analysis and sorting o f an AFC 
(adapted from Burkill, 1987a) 
N O T E : Cells or other suspended panicles are inlroduced at (A) in lo the How chamber (B) where they are 
hydrodynaniically focused by sheath fluid. Monochromatic light from nn Argon-ion laser (C) irradiates each 
particle as it passes singly through the beam. Particles scatter and may fluoresce light from the analysis point (D). 
A photodiode (E) quantifies the forward angle light scatter to measure particle size, while photomultiplier tubes 
(F) pick-up the 90' light scatter for particle refractive index, and two-colour, wavelength-selective fluorescence to 
measure biochemical properties of the particle. Signals from these sensors are processed electronically (G) and 
held in a computer file. The sample stream is vibrated by a piezoelectric transducer (H), producing uniform liquid 
droplets at 35,000 per second travelling at 10 m s '. Droplets containing particles exhibiting the pre-sel scatter 
and fluorescence characteristics are electrostatically charged at the droplet formation break-off point. As these 
droplets pass charged plates (1), they are deflected into sort chambers (J .K) . Particles not meeting the required sort 
criteria pass undeflected into waste (L) . Particles may be analysed and sorted at up to 5000 s''. with collection 
puritiesof98%. 
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C H A P T E R S 
S E D I M E N T P A R T I C L E C H A R A C T E R I S A T I O N A N D T H E 
E V A L U A T I O N O F A D S O R B I N G F L U O R E S C E N C E O N T O T H E 
S E D I M E N T S U R F A C E 
3.1 LNTRODUCTION 
Outlined in Chapter 2 are the tracer techniques that have been developed for monitoring 
sediment dynamics. Although successful to a certain extent, suspended sediment movement 
has been inferred indirectly by the study of hydrodynamics, or traced directly by methods that 
have their disadvantages. Therefore, the development of a tracer particle technique for use in 
the monitoring of suspended sediment transport in freshwater and estuarine environments 
was undertaken. A tracer particle was required which was a good analogue of natural 
sediment and which would be accurately detectable. 
In order to determine whether a tracer was a good sediment analogue, it was essential to 
firstly determine the physical characteristics of fine cohesive sediment. The physical 
properties of the sediment affect the erosion shear stress, the settling velocity and the 
transport dynamics in general. Having determined the physical properties it was then possible 
to assess the potential methods for labelling the sediment or creating a tracer. 
Fine cohesive sediments are highly adsorptive of organic compounds, including pollutants 
(Lamere Hennessee et al., 1986). By utilising this property it was considered possible to 
make natural sediment detectable for tracing by adsorbing an organic fluorescent dye or 
pigment onto the sediment surface or within the pores of the sediment itself 
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3.2 P H Y S I C A L ASPECTS 
3.2.1 Introduction 
The size, density and concentration of sediment particles control their movements and 
settling behaviour within the water environment. The fundamental criterion of a sediment 
particle analogue is to have the same physical properties as the sediment to be studied. 
Therefore, these properties must be determined before a study of the particle dynamics within 
a system can be made using a tracer. In addition, i f when a tracer is used, the sediment 
properties are altered, these changes must be quantified. The experiments described below 
were carried out to determine the physical properties of the natural suspended sediment from 
the turbidity maximum of the macro-tidal estuary of the River Tamar. 
3.2.2 Size and Density 
Bale & Morris (1987) and Fennessy et A / . , (1994) discuss the relative advantages of the 
techniques available for measuring the size of particles. Aggregates are easily disrupted when 
samples are passed through a restricting orifice, e.g. in pipetting and sizing by Coulter Coun-
ter. Therefore, it was decided that the particle size of the sediment was to be measured with 
a Malvern Instruments Model 2200 laser diffraction panicle sizer. The instrument 
comprises a light source which consists a 3mW laser, a spatial filter and beam expander and a 
detector which consists of a collecting lens, photodiode array and the electronic circuitry to 
interface with acomputer. Particle size distributions are derived from measurements of the 
near-forward, Fraunhofer diffraction spectrum that is produced by a particle population 
randomly distributed in the beam between the laser source and the detector array (Weiner, 
1979). 
In addition, in order to determine whether the suspended sediment characteristics in the 
turbidity maximum change during slack water, the size spectra changes during suspension o f 
the sediment in a water column were assessed. Settled sediment samples were collected from 
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the bottom of a 0.5m column of suspended sediment which was allowed to settle for the set 
time periods o f 5-15, 15-30, 30-60 and 60-120 minutes. The size spectrum of each 
subfraction collected was measured using the Malvern Particle Sizer. 
Figure 3.1 shows the percentage of sediment particles in each size band (microns) o f the fine 
cohesive suspended sediment from the turbidity maximum of the Tamar Estuary for the 
settling time of 30-60 minutes. The particle size ranged from less than 3 to greater than 30 
microns with a median of 10.2 microns. These figures agreed with Bale (1987), who also 
determined the particle size of suspended sediment in the Tamar Estuary using settling 
experiments. Therefore, this size spectrum represents the sediment that had a settling 
velocity of less than 0.5m in 30 minutes, but faster than 0.5m in one hour. Unfortunately, the 
high concentration of sediment in the columns caused flocculation and high settling rates 
which ahered the size spectra; this effect was not taken into account. During the settling 
period of 5-15 minutes, the suspended sediment spectra ranged markedly over a wide size 
band, from 50 to 200 microns. There was almost no difference between the size spectra of 
the sediment from the 15-30, 30-60 and 60-120 minute settling periods. 
In addition to size spectra, the density of fine cohesive sediment needed to be determined. A 
density gradient column was tried, where calcium nitrate was hydrostatically balanced with 
distilled water in an attempt to obtain a density gradient in a glass tube. Unfortunately, this 
proved unsuccessful due to difficulties in creating a constant gradient. The density o f an 
individual sediment particle is not an accurate measure of the settling characteristics o f the 
particles, since floes have settling rates which exceed that of constituent grains (Kranck, 
1984; Delo, 1988a). The bulk density of sediment bed material is perhaps a more workable 
value when investigating the development of a fluorescent particle tracer technique. Thus, the 
bulk density of the Tamar Estuary was used and indicated an observed data range through 
the length of the estuary (0 to 30 km) as being 1.1 -1.7 g cm"' (Stephens et al., 1992) and 1.1 -
1.4 g cm"' within the region of tidal excursion for the turbidity maximum (which is a distance 
of 0-12 km from the weir on spring tides) as shown in Figure 3.2 (Stephens et a/., 1992). The 
density o f floes ranged from 1.1-1.4 gcm'^ (Dyer, 1979; Bale, 1987), agreeing closely with 
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Figure 3.1 Particle size spectra of estuarine sediment particles from the turbidity 
maximum of the Tamar estuary and the spectra o f the fluorescent tracer 
particles used for the studies. 
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the data shown in Figure 3.2. 
To conclude, the results from the analysis of the size of the sediment particles and the density 
data of Stephens et ai, (1992) were used to assess the characteristics o f potential tracers. 
This information was also used to determine the tolerances of changes to sediment properties 
which may occur as a result of fluorescent marking the sediment particles. 
3.2.3 Sui*face Charge 
3.2.3.1 Previous Studies 
Natural organics or humics occur in all terrestrial and aquatic environments (Aiken et a/., 
1985). Humics coat all natural surfaces and have important implications in all aspects o f 
marine chemistry and physics, including flocculation (Sholkovitz, 1976), coagulation, 
sedimentation and adsorption of persistent organic chemicals within the environment (Choi & 
Chen, 1976; Stumm & Morgan, 1981) including PCBs and PAHs (McCarthy a/., 1985). 
The electrostatic attractive and repulsive forces which occur between suspended particles 
(surface charge) determines how they behave in terms of flocculation and settling. 
Determination of the surface charge of particles can be carried out using electrophoresis 
mobility measurements, which is the differential migration of charged particles through a 
given medium due to an imposed potential difference between immersed electrodes. 
Electrophoretic mobility (V^in units m* s ' v ') is the measured migration and denotes the 
charge o f a particle. 
The method commonly used for determining the electrophoretic mobility o f a particle has 
been described by Davis (1982). Studies carried out by Hunter and Liss (1979) and Loder 
and Liss (1985) conclusively showed that by removing the organic coating from the surface 
of sediment particles, the electrophoretic mobility altered from negative with the coating, to 
positive without the coating. Natural organic coated particles used during the studies by 
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Figure 3.2 Axial profile of the sediment bulk densities in the Tamar Estuary (Stephens et 
ai, 1992) with the tracer particle density plotted for comparison. 
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Hunter, Loder and Liss recorded electrophoretic mobility which fell in the range -0.7 to -2.0 
x 10"* m^ s ' v"'. These figures agreed with similar work carried out on both marine, estuarine 
and freshwater environments (Tipping et a/., 1981; Loder & Liss, 1982; Hunter, 1983). 
3.2.3.2 Method and Results 
The method used to measure electrophoretic mobility was similar to that outlined by Davis 
(1982). A charge was applied across a flat cell of known thickness and cross-sectional area 
(measured accurately using a micrometer and microscope which could be focussed both on 
the top and the bottom of the cell). Measurements were taken midway between the top and 
bottom of the cell. To remove organic material, all glassware was washed in chromic acid 
which was prepared by mixing lOg Na CrO^ in 20ml of water and 100ml of sulphuric acid. 
Measurements were taken at a constant temperature of 25°C and the particles suspended in 
the cell were first measured whilst migrating under charge towards the positive electrode; 
repeat studies were then carried out whilst the sediment particles migrated to the negative 
electrode. Particles moved at varying speeds or mobilities depending on their amount o f 
charge and whether positive or negative. The voltage remained constant and the polarity was 
reversed to monitor the particles travelling across the field of view in the opposite direction. 
In addition to tests on estuarine material taken from the Tamar, further mobility studies were 
carried out using alumina (aluminium hydroxide). Aluminium hydroxide has a positive charge 
(Figure 3.3), but when mixed with natural organics (in this case river water) the charge 
becomes negative due to organic coatings. This supports the theory that surface charge 
changes take place when organic coatings are present. 
The sediment analysed had a negative electrophoretic mobility based on more than 260 
separate sample measurements. The results were similar to those found by Bale (1987), 
although the range of -3.4 to - 4.7 x 10"^  m's ' v ' did not agree closely with the data from 
other estuarine studies (Tipping t '/«/., 1981; Loder & Liss, 1982; Hunter, 1983). The results 
are shown in Figure 3.3 indicating the spread of values for the estuarine sediment from the 
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Tamar, and the results from other estuarine studies. The sediment in the Tamar Estuary has 
an unusually high organic content (Stephens et al^ 1992) layer altering the surface charge 
which may explain the differences, although the technique is highly subjective, which is a 
more likely explanation, since the method of determining electrophoreiic mobility involves 
measuring the mobility o f an averageparticle whilst changing the voltage and direction of 
charge. The choice o f average particle is not consistent particularly on different instruments 
and with different operators and this is made more difficult with irregular shaped, sized and 
charged particles as found in the Tamar Estuary. Hence, a large number o f particles were 
sampled (i.e. 260 separate samples each analysed ten times for both positive and negative 
electrodes), in order to give a good average. However, the data displayed in Figure 3.3 
provided a useful additional measurement o f the physical properties o f the fine cohesive 
sediment of the Tamar Estuary, despite differences with the sediment from other estuaries 
and coated aluminium hydroxide. 
3.2.4 Settling Velocity 
3.2.4.1 Introduction 
The basic parameter used in determining rales of deposition in either still or flowing water is 
the settling velocity of the flocculated sediment. Settling velocity is dependent on the 
suspended sediment concentrations; settling velocities increase with higher suspended 
concentrations (Krone, 1972; Stevenson & Burt 1985; Puis & Kuehl, 1986). Settling velocity 
is also a function of salinity, but it is considered to have a secondary effect to turbidity (Delo, 
1988a). As both turbidity and salinity increase, flocculation occurs leading to an increase in 
floe size and settling velocity up to the point of hindered settling, where the water moves 
through the pores between the particles, in contrast to the normal settling process o f particles 
moving through the water (Owen, 1970a). 
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Figure 3.3 Electrophorelic mobility measurements for estuarine sediment, tracer particles 
and aluminium hydroxide particles with different organic coatings (natural and 
P.M.A.) to asess particle surface charge and stability after washing through 
time. Results from other estuaries were taken from values given by Tipping et 
f;/., ( I 9 8 I ) , Loder & Liss (1982) and Hunter (1983). See Section 4.3.3 for the 
tracer data. 
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There is considerable variation in settling velocities for sediment from different estuaries 
(Delo, 1988a; Barton et al., 1991), and therefore site-specific measurements are necessary 
for sediment dynamic studies. 
3.2.4.2 Measurements of Settling Velocity 
The settling velocity of flocculated sediment is usually represented by the median settling 
velocity \V^^, which indicates that half the sediment by weight settles at a greater velocity 
than W (mm s ') . 
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The most widely used technique for measuring settling velocity is the use o f settling tubes, 
whereby a sediment of known concentration is allowed to settle over a precise distance with 
time (Owen, 1970a). Initially Owen used the technique in the laboratory followed by use as a 
field instrument (Owen, 1971; Barton etal., 1989). Owen (1976), Delo (1988a) and Barton 
et a/., (1991) indicate that the laborator>' measurements could bean order o f magnitude 
lower than those measured in the field. This is because the suspension characteristics may be 
altered by the removal of the natural shear present in the flow, on isolation o f the suspension 
within the quiescent conditions of the Owen tube. In addition, Delo (1988a) and Barton et 
al., (1991) suggest salinity has an inconsistent effect in the field. 
Burt (1984) and Fennessy et al., (1994) describe the mode of operation for field studies and 
Van Leussen (1988) indicates the hydrodynamic and methodological limitations of the Owen 
Tube method. 
3.2.4.3 Settling Velocity Studies 
Barton et o/., (1991) described settling velocity studies in the laboratory using mud collected 
from the turbidity maximum of the Tamar Estuary and field measurements within the 
turbidity maximum itself It was shown that the width and length of the tube did not 
significantly affect the magnitude of the settling velocity. 
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Studies were carried out to establish the physical settling characteristics o f natural sediment 
particles using settling tubes similar to those described by Owen (1970a). The mud was 
collected at low tide from surface deposits in the middle o f the upper Tamar Estuary and 
freshwater from the River Tamar was used to make up the varying turbidities. 
The studies were carried out for various particle concentrations and salinities. Particle 
concentrations ranged from 0.1-10.0 g l ' and salinities ranged between 0-5 ppt 
corresponding to the high turbidities and low salinities found within the turbidity maximum in 
the upper reaches of the Estuary. 
The mud slurry was washed with freshwater from the River Tamar to remove salts, and the 
appropriate salinity was prepared using anhydrous sodium chloride. The sediment 
suspensions o f different concentrations and salinities were left overnight to ensure that they 
equilibrated and that they would have the same characteristics as natural cohesive sediment. 
Particular care was taken over the suspended sediment concentration since this is the most 
influential factor affecting the flocculation processes, and thus settling velocity. Each settling 
velocity study was duplicated for each different salinity and turbidity to test for 
reproducability. 
Figure 3.4 indicates that settling velocity is strongly dependent on suspended sediment 
concentration and that settling velocity increased with increased volumetric concentration. 
Figure 3.4 also indicates a decrease in settling velocity at increased concentrations o f 
particles for a salinity of 5 ppt. This may be due to hindered settling, but the effect is not 
evident at the salinity o f I ppt. Salinity appears to have limited effect other than at particle 
concentrations lower than 0.3g 1 
The results in Figure 3.4 also indicate that the median settling velocity increases with 
concentration up to a value at which a further increase in concentration hinders settling. This 
agrees with the work by Owen (1970a), Krone (1972), Kranck (1984) and Barton ei ai, 
(1991). The results also show that the effects of salinity are secondary to those o f 
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Figure 3.4 Median settling velocity measurements o f suspensions at different 
concentrations and salinities (0, 1 & 5) comprising ( I ) estuarine sediment (S), 
(2) estuarine sediment and tracer particles (S & T) and (3) tracer particles (T) 
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concentration, which agrees with the work performed by Owen (1970a), Delo (1988a) and 
Barton et al., (1991). The laboratory results of settling velocity using mud from the Tamar 
Estuary turbidity maximum agree closely with those given by Barton et A / . , (1991). 
3.3 L A B O R A T O R Y E X A M I N A T I O N OF A D S O R B I N G FLUORESCENCE 
ONTO T H E S E D I M E N T SURFACE 
3.3.1 Natural Fluorescent Aquatic Organisms 
The movement o f contaminants can only be understood through a knowledge o f the 
movement of particles (Dyer, 1989). Therefore, when considering a tracer it is important to 
chose one that closely resembles the sediment particles under study. The complexity and 
range of the physical properties of natural estuarine sediment, as described in Section 3.2, 
highlights the difficulty in creating a non-sediment based analogue. The ideal approach is to 
fluorescently mark natural sediment ensuring that the fluorescence is sufficiently different to 
naturally occurring fluorescence particles including algae and phytoplankton. 
Seawater absorbs large quantities of uhraviolet light, between 200 and 300nm with lower 
absorption at 300 to 400nm, and large quantities of infrared light (720-IOOOnm), while 
marine organisms absorb light within the visible spectrum. For example, green algae absorb 
light and fluoresce between 350 and 450nm when excited, with a peak absorbency at 410-
420nm. Green algae also absorb visible light at a peak of 700-720nm. The size o f 
phytoplankton and zooplankton is variable and ranges from a few microns to several 
millimetres. Therefore, there are many organisms which naturally occur in the water 
environment with a similar size range to suspended sediment and which are fluorescent. 
Within the visible spectrum, between the wavelengths of 450 and 700nm, there are fewer 
fluorescent organisms. Some species o f diatoms, fucoids and dinoflagellales fluoresce within 
this range, but with a medium level of absorbency (Meadows & Campbell, 1988 ). 
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3.3.2 Fluorescent Dyes 
The optimum fluorescence spectra of dye (between 450-700 nm) which could be used to 
mark sediment needed to be different to naturally fluorescent particles in both freshwater or 
seawater. A soluble pink rhodamine based dye, Soluble Intermediate Pink', was purchased 
from SWADA, London, which had a 550nm excitation spectra and 570-580nm emission 
spectra. 
A Perkin-Elmer Model 3000 Fluorescence Spectrophotometer (FSPM) was used to measure 
the fluorescence spectra of the dye and determine the dye's stability. Five samples of the 
fluorescent dye at concentrations ranging from 4.1 to 14.9 ^ig 1"' were tested immediately 
after preparation and one month later. Measurements were made using two clear quartz 
cuvettes, one containing distilled water as a blank control and the other containing the pink 
dye solution. The fluorescence excitation and emission spectra were consistent between serial 
dilutions, and remained constant after one month. 
Once it was confirmed that the FSPM was capable of detecting the dye, it was necessary to 
test whether fluorescent particles could be detected without light scatter problems. A dilution 
of fluorescent latex calibration spheres was prepared, the latex suspension was successively 
washed in clean water and centrifuged to assess whether leaching of the fluorescence 
occurred into the supernatant liquor. The results indicated that i f particles are fluorescent and 
do not leach colour into the supernatant then the FSPM can detect the fluorescence. For a 
dyed sediment to be successful as a tracer there must be no leaching o f the dye. 
3.3.3 Detection Equipment and Standardisation 
The FSPM detected significant levels of diffraction and reflection o f light with different 
sediment suspensions; for example a mud suspension was measured to have the same relative 
fluorescent units as a concentrated solution of fluorescent dye.Therefore, to assess whether 
the fluorescent dye was passively adsorbed onto the sediment it was necessary to determine 
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the background fluorescence intensity of the sediment suspension without dye. The light 
transmission levels of suspended sediment samples were measured using the Malvern Particle 
Sizer, and then the relative fluorescence of the suspensions was measured using the FSPM. 
The results are shown in Table 3.1. 
Light transmission Fluorescence ^g 1"' 
100% 0.05 
60% 12.0 
50% 23.3 
40% 38.5 
30% 60.0 
20% 76.5 
10% 97.0 
Table 3.1: Fluorescent intensity as a function of light transmission for different 
concentrations of sediment suspensions. 
These results enabled an estimation of the degree of fluorescence expected for a sediment 
suspension that produced the above light transmissions. In order to compare the results o f 
investigations on the adsorption o f fluorescent dye. the sample sediment suspensions to be 
tested were all made up to have a light transmission of 30%. 
3.3.4 Passive Adsorption of Dye 
The method for creating a fluorescent marked natural sediment particle was approached step-
by step. Firstly, an attempt was made to dye the surface of the sediment. Due to the adsorp-
tive nature o f fine cohesive sediments to organic compounds it was considered possible to 
adsorb an organic fluorescent dye or pigment onto the surface or within the pores o f the 
sediment itself I f this proved successful it would enable the sediment to be detected and its 
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movements traced. 
Sediment (collected by settling between 15-30 minutes; size 1 -30 microns; Section 3.2.2) 
was mixed with the dye to assess any passive adsorption onto the sediment. The fluorescence 
of the sediment and the supernatant liquor were measured after centrifugation. The 
suspension was centrifuged, the decanted supernatant fluorescent intensity was measured and 
then clean water was added to the remaining sediment. The suspension was then mixed, 
followed by measurement of the fluorescent intensity; the process was repeated. The 
sediment and dye suspension was washed 7 times in total. The results are shown in Table 3.2. 
No. of washings Fluorescence in (ig/1 
Suspension Supernatant 
1 68 96 
2 64 81 
3 60 69 
4 75 60 
5 75 68 
6 62 52 
7 68 49 
Sediment only ( average) 64 12 
Table 3.2: The fluorescence of sediment suspensions and supernatant after successive 
washes 
The results indicate that no fluorescent dye was passively adsorbed on to the sediment since 
the fluorescence intensity of the sediment did not remain higher than the background level of 
63 after successive washes. 
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A study was carried out to assess whether the previous studies had not allowed sufficient 
time for the dye to adsorb, particularly if the adsorption process required a number of hours. 
Figure 3.5 indicates the fluorescent intensity (mg l ' of dye) of sediment having been added to 
a known dye concentration of 23 mg 1*' over a period of time in order to measure the uptake 
of dye over a longer period. The stirred fluorescent dye solution was measured on the FSPM 
to provide initial fluorescence intensity. Discrete samples of sediment and dye suspension 
were tested for fluorescent intensity as was the supernatant after centrifugation. The results 
indicate an initial adsorption of approximately 2.0 mg l ' of dye onto the sediment when 
corrected for dilution of the solution with sediment. The fluorescence intensity measured on 
the FSPM shows decreasing levels during the subsequent hours. The dye concentration at the 
end of 8 hours was significantly less than the fluorescence level at the start o f the test. The 
fluorescence intensity of the sediment alone at a similar concentration was between 
18-20 mg r ' . 
Duplicate studies were undertaken to establish whether it was possible to force dye 
adsorption by increasing and decreasing the concentration of dye. It was concluded from 
these studies that passive adsorption was not stable and therefore direct adsorption needed to 
be investigated. Various techniques for physically attaching the fluorescent dye to sediment 
were tried by trapping the dye within natural or synthesised organic compounds. 
3.3.5 Active Adsorption using Natural Orgnnics 
The surface organics were removed from some estuarine sediment in order to determine 
whether dye could be adsorbed into the mineralogical structure of the sediment, and the 
organics then re-adsorbed, hence trapping the dye within the sediment particle structure. The 
organic layer from the sediment was removed by dissolving the organics with potassium 
hydroxide (KOH) and heating the sediment in an oven at i SO C^ to breakdown and 
disassociate the organic material. Several studies were carried out to adsorb dye onto the 
sediment surface or in to the sediment structure with little or no success. One example 
involved the following methodology. 
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A 1 litre solution o f dye at a concentration of 17.55 mg 1"' was added to 1 g of ashed 
inorganic sediment and stirred for 4 hours using a magnetic stirrer. The liqiud was split into 
two 500 ml aliquots. One of the 500 ml aliquots was analysed for passive adsorption; the 
sediment was successively washed four times and the sediment and supernatant measured for 
fluorescence using the FSPM, as described above. The other 500 ml was mixed with 500 ml 
of river water with a high organic content and stirred thoroughly. The sediment received four 
successive washes and centrifiigations, and the fluorescence o f the sediment and supernatant 
was measured using the FSPM The FSPM did not detect any adsorption o f the dye onto the 
sediment. 
3.3.6 Active Adsoi*ption using a Synthesised Organic Compound 
Humic and fulvic substances in soils and aquatic environments provide an organic layer 
which creates a medium to support animal and plant life. This is particularly important when 
rejuvenating soils from mining waste piles or slag heaps and in aquatic environments after 
pollution spills. Anderson and Russell (1976) describe the synthesis of a good analogue of 
natural humic substances called poly-maleic acid (PMA), which they used to rejuvenate soils 
and improve soil substance and structure. 
The recipe for synthesis was obtained and PMA synthesised in the laboratory. It was suggested by 
Dr. H.A. Anderson (pers. comm.) that fluorescent dyes could possibly be mixed during the initial 
stage of synthesis of the molaic acid or possibly to the final compound of PMA prior to the 
dialysis. 
It was considered that the synthesis of PMA, with a fluorescent dye may allow active 
adsorption of fluorescence onto the sediment surface and therefore further synthesis with the 
pink dye was carried out, There was no alteration in fluorescent spectra of the dye during 
PMA synthesis which was checked by using the FSPM. The synthesised PMA with dye was 
then attached to the surface of natural sediment and to sediment that had been ashed so that 
it was inorganic. However, the measured fluorescence o f the sediment particles did not 
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Figure 3.5 Time series of passive adsorption of fluorescent dyes on to natural estuarine 
sediment. 
52 
indicate additional fluorescence above that of the background fluorescence; the FSPM did 
not detect adsorption of the dye. 
A further series of tests were carried out also using the pink dye. The dye was mixed with 1) 
natural estuarine particles, 2) inorganic ashed estuarine particles, 3) estuarine particles with 
PMA, 4) inorganic ashed estuarine particles with PMA, 5) alumina and 6) alumina with 
PMA. The adsorption of PMA on to sediment and alumina was tested using electrophoretic 
mobility tests as described in Section 3.2.3. As can be seen from Figure 3.3 the attachment of 
PMA to alumina had the same result as attaching natural river organics to the alumina, with 
the alumina changing from a positive surface charge to negative as a result o f adsorbing 
organic or simulated synthesised organics in the form of PMA. 
This effectively showed the PMA readily adsorbed onto the sediment surface within a few 
minutes, and remained adsorbed after a series of washings (using the technique described in 
Section 3.3.3), which supported the technique for investigating the adsorption of dye. 
However, the pink dye when synthesised with the PMA could not be detected above the 
background fluorescence. I f a detectable dye could be successfully synthesised with the 
PMA, and PMA was adsorbed onto the alumina it was possible that PMA and dye could be 
adsorbed on to natural or ashed sediment. 
Further dyes were obtained from different manufacturers to ensure that the behaviour o f the 
Soluble Intermediate Pink dye described previously was not anomalous. A total o f eight dyes 
were mixed during synthesis or dialysis of the PMA with no success. It was noted at this 
point that the PMA not only had a brown visible colouration, but also had a fluorescent 
spectra which may have caused slight masking of some dyes used. The eight dyes used, 
including Soluble Intermediate Pink are listed below with the respective excitation (Ex.) and 
emission (Em.) characteristics and sources. 
i) D-275, Molecular Probes Inc., Oregon USA - a cationic lipophilic dye with a 
carbocyanine and strong absorbtion properties. (Ex. 484, Em. 507nm) 
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ii) D282, dye as above, but slightly different fluorescence spectra. (Ex. 547. Em. 
571nm) 
iii) Invisible Pink. SWADA, London (Ex. 555. Em. 575nm) 
iv) Insoluble 1 - Invisible Yellow. SWADA. London (Ex. 420, Em. 515nm) 
v) Acidine Yellow - Townley, Warrington (Ex. 457, Em. 497nm) 
vi) Acrylon Pink - Tovwiley, Warrington (Ex. 551, Em. 578nm) 
vii) Acidine Rhodamine - Townley, Warrington (Ex. 567, Em. 582nm) 
viii) Soluble Intermediate Pink. SWADA, London (Ex. 550, Em. 580nm) 
To ensure comparability between tests, each suspension o f sediment was made up to the 
standard 30% light transmission, then the fluorescence was measured of both the suspension 
and supernatant (as described in Section 3.3.3). 
A l l the dyes were tested with sediment (natural and ashed) and alumina both with and 
without PMA. The tests proved unsuccessful with no measurable adsorption o f any dye 
detectable using the FSPM. 
3. 4 F L U O R E S C E N T PAINTOVG OF S E D I M E N T 
At the same time as trying the additional fluorescent dyes, enquiries were made into the use 
o f commercially manufactured fluorescent sands using fluorescent paint, and whether the 
technology could be applied to fine cohesive sediments also. British Industrial Sands at Kings 
Lynn, East Anglia were approached to produce a small quanitity o f fluorescent silt, although 
the smallest size fraction they manufactured was 60nm with a red or blue fluorescent lacquer. 
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I n order to attempt to fluorescently mark natural fine sediment it was necessary to freeze dry 
a mud sample in order to paint the mud with a fluorescent lacquer whilst dry. 
The result was a hard cement-like structure which would not disaggregate, grind or break-up 
very easily. The structure and properties of the natural sediment had obviously been changed. 
This possibility was not pursued further. 
3.5 DISCUSSION 
The physical properties o f sediment collected from the turbidity maximum of the Tamar 
Estuary were investigated. The results provided data which could be used to assess any 
alterations in the physical characteristics of sediment dyed to enable tracing, or used to assess 
potential sediment analogues that could be traced. 
In order for a particle to be detectable by measuring fluorescence, it must be fully coated 
with fluorescent material or be fluorescent itself. The complexity and dynamics o f a system to 
which a fluorescent sediment or tracer may be added could be extremely vigorous, dispersive 
and dilutive, particularly in highly turbid waters, and therefore it is essential that there is a 
very high chance of being detected in any samples collected i f present. 
The FSPM, when standardised, could be used to determine the fluorescence o f particles and 
not just dyes. However, these studies showed that permanent passive adsorption o f 
fluorescent dyes did not occur and de-adsorption was prompt. Active adsorption o f dyes was 
attempted by removing the organic layer that coats sediment and then fluorescently marking 
the surface o f the sediment and then re-coating the sediment with an organic layer. This also 
proved unsuccessful. Nevertheless, the removal o f the organic layers or the addition o f 
organic layers with fluorescent dyes may be possible in the future i f there is a better 
understanding o f the surface structure of the sediment and areas o f adsorption. 
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Due to the inability to permanently dye the surface of the sediment it was decided that further 
research be carried out to develop an artificial sediment analogue that could be traced in 
natural aquatic environments. 
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C H A P T E R 4 
A R T I F I C I A L F L U O R E S C E N T S E D I M E N T A N A L O G U E S : 
C H A R A C T E R I S T I C S , D E T E C T I O N A N D P R E L I M I N A R Y 
F I E L D W O R K 
4.1 I N T R O D U C T I O N 
In the previous chapter the investigations into the physical characteristics o f natural sediment 
from the Tamar Estuary are described. The unsuccessful attempts to label natural sediment 
with fluorescent dye led to the following investigation into the use of fluorescent sediment 
analogues as tracers. In order to assess the physical properties of a potential fluorescent 
analogue it was necessary to establish a method of detection. The experimental procedure 
and the detection limits are described below. The physical properties o f the potential 
analogue were then measured and compared with those of natural sediment. 
Once it was established that the fluorescent analogue was satisfactorily similar to natural 
sediment a preliminary Held study was undertaken to test the experimental procedure 
developed. 
4.2 A N A L Y T I C A L F L O W C Y T O M E T E R (AFC) 
4.2.1 Ini t ia l Investigntions nnd Calibration of the AFC 
The analytical flow cytometer and its uses have been described in Section 2.4.2. Analytical 
flow cytometry uses laser light energy to excite the electrons within a particle which then 
emit light of a specific wavelength which is recorded. 
To assess the viability and accuracy of the AFC for the determination of fluorescent particles, 
a calibration study was carried out. A precise serial dilution of calibration beads was prepared 
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in order to compare the measured against expected number o f beads and create a calibration 
curve. Polyscience latex calibration beads were used for the dilution, since these beads when 
tested on the FSPM appeared to have a clear fluorescence peak with no leaching taking place 
(Section 3.3). 
Suspensions of known concentrations of the beads were prepared by serial dilution. Four 
samples o f each concentration were then analysed on the AFC to measure the number of 
beads. A sample of beads was also analysed using the Malvern Laser Diffraction Particle 
Sizer. The resuhing size spectra had a mean of 21.5 | im with a standard deviation o f 1.4 | im. 
This result was comparable with the manufacturers specification o f 21.1 )im. The measured 
number o f beads was then compared with the known number of beads per ml, determined 
using the manufacturers specifications and formula. The results of the calibration curve are 
shown in Figure 4.1 and the correlation coefficient was 0.95. Thus, the technique appeared 
satisfactory, with the observed deviation possibly caused by errors in the manufacturers 
specifications, inaccuracies in pipetting, non-uniform mixing of the calibration beads and 
analysis by the AFC at an inconsistent uptake rate. 
Using the calibration curve data it was possible to estimate the number o f latex beads or 
fluorescent particles that would be required to study the movement of sediment in an estuary 
and for detection at low concentrations. Assuming a 10 km long section of estuary which has 
a width of 25 m and depth 2 m then the volume of the estuary would be 5 x 10^  I. I f it is also 
assumed that the average turbidity in the estuary is 100 mg 1"' then there would be a total o f 
5x10* kg o f suspended particulate material. Assuming the minimum detectability o f 10 latex 
bead particles in 50,000 sediment particles (from Figure 4.1) then this represents 0.02% of 
5 X lO' kg which equals 10 kg of latex beads. The use of latex beads would thus be 
prohibitively expensive (in the region of millions of pounds) and therefore cheaper material 
was required. 
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4.2.2 Assessment of A i t i f i c i a l Fluorescent Particles 
The fluorescent soluble dye used in Chapter 3 was supplied by SVVADA who also 
manufacture an insoluble powder material which comprises a highly fluorescent inert 
formaldehyde resin particle with a size range of 0.1 -20 ^m, mode 3-6 ^m, and a density o f 
1.37 g cm'' (manufacturers specifications). Investigation of the particles using fluorescent 
microscopy indicated that they had an irregular non-spherical structure and a modal volume 
of approximately 10-15 ^m ' (Plate 4.1). The characteristics of the resin indicated that it was 
harmless to the environment and that it had many similarities to natural sediment. Further 
tests were carried out to determine whether the particles could be detected and to assess the 
degree of similarity with natural sediment. SWADA could also supply the resin in different 
fluorescent colours, densities, and size of particles, and therefore it was anticipated that the 
right combination of characteristics of the material could be obtained and provide an 
analogue of natural sediment. 
Fluorescent particles with different fluorescent spectra were obtained from SWADA . These 
included; Red 12, with an excitation (Ex) and emission (Em) peak of 555 nm and 600 nm 
respectively. Yellow 7 Ex 425 nm, Em 530 nm, and Orange 6 Ex 475 nm, Em 530 nm. 
Red 12 was not used further due to the excitation and emission spectra being incompatible 
with the 488 nm Argon ion laser in the AFC. 
Particles o f Orange 6, and Yellow 7 were further investigated using the procedures described 
in Section 3.2. The excitation and emission spectra measured are shown in Figure 4.2. The 
results indicate that no fluorescence leached out of the particles into the supernatant after 
centrifugation, suggesting that the particles had stable and detectable fluorescence 
characteristics, 
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Plate 4.1 Photograph of the orange fluorescent particles used in the tracer study taken 
through a fluorescent microscope at x 1 0 0 magnification 
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Figure 4.2 Fluorescent excitation and emission spectra of particle suspensions and 
centrifuged supernatant of Yellow 7, Orange 6 and Polyscience Latex beads 
measured on a fluorescence spectrophotometer. 
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Figure 4.2 also shows graphically the differences between the two fluorescent materials. The 
yellow particles have a higher luminescence i.e. a relative fluorescence for emissions of 
approximately 300 units, compared with the orange particles with a relative fluorescence for 
emissions o f approximately 200 units. The excitation peaks are in diflFerent locations; the 
excitation wavelengths for the yellow and orange particles are 420-450 nm and 470-480 nm 
respectively. The excitation fluorescence spectra of the yellow particles is wider than that of 
the orange which had a very defined excitation fluorescence spectra since the material 
comprises fewer components and is essentially rhodamine based. The orange particles were 
found to have an excitation wavelength closest to the optimum wavelegth for the AFC laser 
of 488 nm, making them possibly more detectable on the AFC than the yellow particles. 
4.2.3 Analysis of the Ar t i f i c ia l Fluorescent Particles on the A F C 
The next stage in the laboratory tests of the fluorescent particles was to analyse the particles 
on the AFC, and compare the detection to the calibration curve of Figure 4.1. Two types o f 
calibration beads were used to enable comparison with the irregular artificial fluorescent 
particles, including the Polyscience latex beads (21.1 ^m size) and Coulter Electronics 
Immunocheck latex beads (6 \ITX\ size). The latter calibration beads were used because they 
varied less in size and had a narrower band of fluorescence. 
The data are displayed in Figure 4.3, with the green fluorescence on a log scale (LIGFL) , the 
particle volume on a log scale (LCVA) and the forward angle light scatter or particle size on 
a log scale (LFALS). The results for the Immunocheck beads indicated a very precise particle 
volume, size and fluorescence intensity, shown by a narrow band of fluorescence and volume 
or size. Doublets (D) were detected where two beads were stuck together, shown by an 
increased size and fluorescence. The percentage of doublets was particularly small, less than 
3% by volume. The small variation of the Immunocheck beads was clear and was expected 
since they are used for calibration o f the AFC, and it suggested that the beads could be used 
for calibrating the size axis and fluorescent intensity of other particles with a high degree o f 
accuracy. 
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The Polyscience bead analysis indicated a more variable fluorescence intensity and volume. 
The dark central region denoted the modal size by volume, but the deviation from the mode 
was large as shown by the hatched area. 
Orange 6 fluorescent particles were also run and were significantly more variable with large 
differences in the fluorescence intensity and particle volume. The dark area at the top of the 
LIGFL scale represents highly fluorescent material which is too fluorescent to fit on the 
scale, and therefore accumulated in the last channel. The variation of fluorescent intensity is 
likely to be due to uneven spread of the fluorescent pigment within the resin itself or on the 
surface and the angular shape of the particles (Plate 4.1). A variation on size is also indicated 
in Figure 4.3 for the orange particles. The fluorescent particles are clearly detectable and 
sufficiently fluorescent with a specific spectra that they are unlikely to interfere with natural 
fluorescence from inorganic and organic compounds, including clay minerals etc., and natural 
organisms in the water environment. 
4.2.4 Calibrat ion o f the AFC using the Ar t i f i c i a l Fluorescent Particles 
Since the orange and yellow fluorescent particles were readily detectable on the AFC the 
detection limits upon dilution were assessed. The fluorescent particles were serial diluted 
initially and the numbers o f particles counted when mixed with varying numbers o f natural 
estuarine particles. 
Figure 4.4 shows the calibration curves for the orange and yellow particles, with the 
measured concentration of particles plotted against that expected. The plots show a similar 
trend to that in Figure 4.1 for the Polyscience beads. The correlation coefficients are 0.93 
(+/- 6.2%) for the orange and 0.88 (+/- 8.6%) for the yellow particles, which indicate a good 
correlation. The measured concentrations were obtained from analysis on the AFC and the 
expected concentration was produced by adding a precise pipetted volume of a stock 
suspension. The exact numbers are not known since the particle size range is large and the 
density is not sufficiently precise to quantify the numbers accurately. The concentrations 
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Figure 4.3 AFC plots of fluorescence intensity (shown by logarithimic green fluorescence -
LIGFL) versus logarithmic particle volume ( LCVA) for Orange 6 tracer particles, Polyscience 
beads and Coulter Immunocheck beads. The graphs indicate the variance in fluorescence and 
size/volume of each particle population. The density or number of particles in each band are 
denoted by the colour with a higher density coloured black and fewer particles shaded grey. The 
Immunocheck beads clearly have a tight fluorescent spectrum and uniform size, whereas the 
Orange 6 particles have a wide range of size and fluorescence widi a high population with intense 
fluorescence. D denotes doublets, two particles stuck together. 
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Figure 4.4 Calibration curves of yellow and orange fluorescent tracer particles measured 
on the AFC indicating measured concentration against expected 
concentration. 
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therefore represent the expected and measured changes in concentration 
In order to assess the ability of the APC to distinguish between natural sediment and the 
fluorescent particles, orange particles were added in increasing amounts to a constant 
concentration o f estuarine mud. The mud contained a wide range of particles sizes with 
some natural inorganic and organic materials which were partially fluorescent. The resulting 
correlation shown in Figure 4.5 was reasonably good, despite a background fluorescence and 
indicates that the AFC is capable of distinguishing between the sediment and the fluorescent 
particles, and that the inclusion of sediment does not have a marked effect on the fluorescent 
detection o f the orange particles. 
Figure 4.5 also shows a plot of constant orange particle concentration with increasing mud, 
providing an assessment of the lower detection limits of the orange particles in turbid 
conditions. The increase in mud concentration provided a turbidity range from approximately 
0.1 to 2.1 g r', at which levels the fluorescent particles were still detected on the AFC. The 
cost of the orange particles was such that i f used as a tracer in a study o f sediment movement 
in the Tamar Estuary, as described in Section 4.2.1, it would be relatively inexpensive at a 
cost of the order o f several hundred pounds. 
4.3 P H Y S I C A L CHARACTERISTICS OF T H E FLUORESCENT P A R T I C L E S 
4.3.1 Stability 
Once it was established that the fluorescent particles were detectable by the AFC and could 
potentially be used as a tracer, physical characteristics of the orange fluorescent particles 
were examined in order to assess their viability as a sediment analogue. The orange particles 
were chosen since they were considered to be the most delectable on the AFC with the 
highest correlation coefficient. In order to examine the physical properties o f the fluorescent 
particles, first it was necessary to establish that the particles were stable in water, and 
determine the optimum method for dispersion. 
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Figure 4.5 Calibration curves of increasing orange tracer particles in a constant 
concentration o f estuarine mud suspension, and increasing concentration o f 
estuarine mud in a constant concentration of orange tracer particles. 
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The fluorescent particles were supplied in a dry powder form which had to be mixed into an 
aqueous suspension. Tests indicated that the minimum surfactant levels was 0.2% aqueous 
solution for Ig of particles. Decon 90 was used as a surfactant and was a phosphate free, 
non-toxic, biodegradable 2% aqueous solution with a pH of 10.7. In order to detect any size 
spectra changes, suspensions of the orange particles were prepared with different solutes, 
including potassium chloride (3.5 ppt), tap water, deionised water, riverwater and seawater. 
Mixing was repeated, and the suspensions of different waters and orange particles were left 
to stand for 18 hours. There were no detectable differences in the particle size spectra before 
or after standing in any of the solutes. 
4.3.2 Size and Density 
Having established that the fluorescent panicles were stable in water, the size and density of the 
particles were examined to ensure diat these parameters were comparable to the natural sediment 
of the Tamar Esmary. A suspension of fluorescent particles was prepared to a similar 
concentration or turbidity as the estuarine sediment suspensions described 3.2.2 (tested by 
percentage light transmission described in 3.3.3) in order to mimic as closely as possible the 
same flocculalion and sealing rates for the fluorescent panicles as the sediment. A size 
determination by settling was carried out on the fluorescent particle suspension for the time 
period 30-60 minutes with size specu-a measured on die Malvern Panicle Sizer. The results are 
shown in Figure 3.1 which indicates the percentage of panicles in each size band. The results 
compare very closely with the sediment size spectra for the sediment over the same time period. 
The density of the fluorescent material, 1.37 g cm*^  (manufacturers data) was comparable with 
the density of floes and bulk density of sediment collected from the uirbidity maximum area and 
the middle esmary region of die Tamar Eswary (i.e. 10-22 km) as shown in Figure 3.2. 
4.3.3 Surface Charge 
The surface charge was measured by eiectrophoretic mobility as described in Section 3.2.3.2. 
The fluorescent particles had a positive eiectrophoretic mobility when mixed in a de-ionised 
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water suspension. However, when mixed with freshwater organics collected from a river 
which flows into the lower Tamar Estuary, the fluorescent particles became negative within a 
few seconds, indicating the particles were coaled with organic material. This agreed closely 
with the tests carried out on alumina, 
The results are shown in Figure 3.3. Subsequent washing of the fluorescent particle 
suspension followed by centrifugation did not indicate a significant change to the surface 
charge characteristics. The electrophorelic mobility for the organic coated fluorescent 
particles ranged from - 0.5 to -2.8 x 10"* m's ' v ' which falls within the range for estuarine 
sediment measured from other estuaries, but not for the estuarine sediment from the Tamar. 
Due to the nature of the equipment and subjective approach of analysis this variance was not 
considered significant. In addition, as noted in Section 3.2.2, the sediment in the upper Tamar 
Estuary has a relatively high particulate organic content (POC) of 8%, hence increasing surface 
charge, due to high levels of silt and clay content with associated organic material as compared 
with 2% for the lower estuary (Stephens et al., 1992). The studies were repeated with other water 
types and the results indicated that the mobility was a function of different organic coatings and 
variation in charge. The results for the different waters ranged from -0.5 to -3.7 x 10'* m^v * s ' 
suggesting a reasonable comparability with the estuarine sediment measurements 
4.3.4 Settling Velocity of Sediment and Fluorescent Particle Admixtures 
Settling velocity tests were carried out for sediment and fluorescent particle admixtures in the 
same way as those described in Section 3.2.4. Particular attention was given to the 
concentration o f sediment and fluorescent particles to ensure the results o f the sediment and 
sediment-fluorescent particle admixtures were comparable. 
Figure 3.4 indicates that at any concentration, the addition o f fluorescent particles caused a 
slight decrease in the settling velocity, at both high and low salinities and high and low 
concentrations. This slower settling rate suggests that the floe size and density formed may 
not have been as large, possibly due to variations in charge between the fluorescent particles 
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and sediment particles. At salinity 5 ppt, the mud suspension of concentration 
5.6 g r' had a fall velocity of 3.2 mm s' whereas, the mud suspension containing fluorescent 
particles at a similar concentration of 5.5 g l ' had a reduced settling velocity of 1.25 mm s '. 
The settling velocity o f the fluorescent particle suspensions was also reduced as salinity 
increased. 
The slightly lower median settling velocity of the fluorescent particle/sediment suspensions 
(S&T) indicated that the panicles were not behaving exactly like the cohesive estuarine panicles 
(S). An explanation for this slower settling velocity is given by Kranck (1984) who found, when 
studying estuarine cohesive mud, that a slower velocity was indicative of single grain settling in 
some instances. The settling velocity of the sediment and tracer suspensions (S&T) may 
therefore be lower than the sediment suspensions (S) because the data reflects a median range of 
settling velocities comprising single grain settling of fluorescent panicles and floes with varying 
fluorescent panicle concentrations Incorporated within them. The median settling velocity for the 
fluorescent panicles suspensions (T) indicate a considerably lower velocity also due to single 
grain settling and the fact that the fluorescent particles were not mixed with esmarine sediment 
and therefore had a different surface organic charge and flocculation characteristic. 
4.3.5 Discussion 
The fluorescent panicles were sufficiently similar in size, density, surface charge and settling 
velocity to estuarine particles to consider them suitable as possible tracers. The addition o f 
tracer to the sediment suspensions caused a reduction in the median fall velocity at all 
salinities. This reduction was most pronounced at low concentrations o f salinity. As salinity 
increased from 0 to 5 ppt the variance between fall velocities o f suspensions with and without 
fluorescent particles at all concentrations declines, so it can be presumed that with increasing 
salinity the effects will be further reduced. Therefore, at high turbidity or suspended solids 
concentrations and salinities of greater than 5 ppt, the fluorescent particles behave in a 
similar way to the natural estuarine particles. Thus, the fluorescent particles could be used as 
sediment tracers for estuarine particles in an estuarine turbidity maximum. 
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4.4 P R E L I M I N A R Y F I E L D W O R K EXPERLMENT 
4.4.1 Introduct ion 
After examination of the physical characteristics of the orange fluorescent particles it was 
decided that the particles were a close analogue of cohesive sediment, and should be tested 
as a tracer. The overall objective was to undertake a pilot study o f the tracing method to 
ensure that the experimental procedure, analysis and detection limits using the AFC were 
suitable in a fleld study. Permission was obtained from Hemerdon Estate, do English China 
Clays PLC, to undertake a dispersion study in a 150m by 100m pool called Stokers Pit, Lee 
Moor, situated in a disused china clay quarry located on Dartmoor, Southwest Devon (Plate 
4.2). The site v^ 'as chosen because it was relatively small and easily accessible for a pilot 
study. 
4.4.2 Experimental iWethod 
A preliminary survey o f the experimental site was carried out. Echosoundings were made 
using a small portable echosounder. The soundings indicated a very irregular base with 
particularly steep sides where the china clay had been dug out. Buoys were deployed in an 
approximately rectangular grid of dimension 100m by 50m marking the sample sites as seen 
from Figure 4.6. The pit had no obvious stream inputs or outputs and was no deeper than 
18m. 
At the centre o f the buoyed grid (Figure 4.6), 500g of orange tracer particles were 
introduced (approximately lO'^ by number) in a detergent/water slurry onto the water 
surface. After the introduction of the particles the system was left for 24 hours for the 
particles to disperse and settle. The prevailing wind direction was southwesterly. 
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Plate 4.2 Preliminary fleldwork study at a China Clay mine showing tracer injection 
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Figure 4.6 Location map and fluorescent tracer particle contour dispersion plot o f the 
study at Stokers Pit, Hemerdon, Southwest Devon. 
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4.4.3 Sample Analysis Procedure 
A gravity corer was used to remove a 5 cm' core from the bed at each sample point o f the 
study site; the core comprised the sediment, the fluorescent tracer particle horizon and at 
least 10ml of overlying water. The top 2cm of each core was removed and placed in a sample 
pot. The volume of each sample varied and therefore the volume (W in ml) was measured. 
The volume of each sample taken (i.e. the volume in the storage pot) was assumed to contain 
100% of the fluorescent tracer particles over the 5 cm' area and it was assumed that the 
particles settled as a thin uniform horizon on the sediment surface. 
After vigourous stirring, and being placed in an ultrasonic bath, 1ml o f each sample was 
removed and added to 50 ml of deionised Altered water to give volume X. This diluted 
sample was then placed in an ultrasonic bath and 1ml was removed and placed in a vial to 
which 10^1 of Coulter Electronics Immunocheck latex beads were added giving a total 
volume of lOlO^il (Volume Y). A Coulter Counter Multisizer was used to measure the 
number o f latex beads per ml of sample (F). The Coulter latex beads were added to each 
sample in order to count the precise number of latex beads in each sample. This is made pos-
sible by the specificity of the beads in terms of size and fluorescence allowing a region to be 
drawn around the beads on the AFC and determining the precise number of beads within the 
total particle count. It was assumed that the fluorescent particles, latex beads and natural 
sediment were homogeneously mixed in the sample and therefore i f a certain number o f 
beads were detected during analysis in each sample as a proportion o f the number originally 
added an indication of the volume scanned was possible. 
Each sample was then scanned on the AFC to a total count of 65,000 particles which com-
prised the number of latex beads (S), fluorescent particles (N) and natural sediment [65,000 -
(S + N)]. The volume V of the scanned sample was determined using 
V = S/F (4.1) 
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Therefore the total number of fluorescent particles in the pot and the 5cm" core is given by: 
Total no. panicles = N.Y.X.WA^ (4.2) 
where Y = 1010 \i\and X = 51ml. 
This simple calculation enables the data to be displayed as numbers of particles c m ' o f sedi-
ment bed. Replicate analyses of samples and sampling were carried out to determine the inac-
curacies in the analysis on the AFC and on the production of each sample. Errors in analysis 
ranged from 0-7%. 
4.4.4 Results 
The ratio between fluorescent and non-flourescent natural sediment in each sample core was 
determined. These results have been plotted on Figure 4.6 and visually contoured to show 
the dispersion pattern. The same samples were re-analysed after 3 months in the dark at 4'*C 
to assess alteration o f the fluorescent panicles. The results are shown in Table 4.1. 
The repeat analyses indicated a good repeatability in sample preparation and analysis on the 
AFC with any variability possibly due to pipetting such small volumes o f latex beads and the 
samples not being homogeneously mixed. The difference between the two sets of resuhs for 
samples analysed immediately after sampling in the field, and 3 months later after the samples 
had been stored indicates that there was no detectable breakdown or disassociation of the 
tracer particles. Indeed, there appeared in most samples to be an increase in tracer 
concentrations. This is most likely to have resulted from the need to increase the laser power 
of the AFC (from 250 mW initially, to 300 mW after the 3 month storage period). The laser 
power was adjusted to increase the definition between the fluorescent tracer panicles and the 
china clay mud which like all sediment gave a background measure o f fluorescence (see 
Section 3.3.3). Increased definition was required because some o f the panicles had a reduced 
fluorescence, possibly diminished in some way by the organic coatings on the surface of the 
particles. 
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Sample site Fluorescent particles cm " x 10" 
Original 3 months 
Centre 10 34 
A 13 1 (SD0.87*), 2(SD0.34**) 
B 2 5 
C 79 21 
4 (SD0.24*), 5(SD0.06**) 
2 0.5 25 
3 2 6 
4 5 8 
5 77 22 (SO 1.6*), 28 (SD 0.8**) 
6 7 2 
7 21 31 
8 I 19 
9 7 43 
10 2 
Table 4 .1 : The total fluorescent particle numbers in the bed sediment samples. The 
samples were analysed immediately after the study and re-analysed after 3 months storage. In 
addition. 10 repeat samples were also prepared and analysed shown as * and 10 repeat 
analyses were carried out on the same sample shown as **. (Sample 10 had leaked and was 
not analysed). 
4.4.5 Discussion 
This preliminary study was carried out in order to investigate the use of the fluorescent 
particles, the behaviour and dispersion of the panicles and subsequent detection of the 
fluorescent particles in a fleld situation. As a result sampling was limited to only a few sites. 
With the distance between sample points being large, small scale variations in dispersal were 
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lost, as noted by Newman ei ai, (1988a). From the results displayed in Figure 4.6 there is an 
indication that lateral spreading occurred, decreasing towards the edges o f the sampling area. 
Lateral dispersion was greatest in the deepest (central) region of the pool where the particles 
remained in suspension in the water column for longer. Higher tracer concentrations were 
found immediately around the injection site as would be expected. The high counts found in 
the north-east and south-west of the area could be explained by the prevailing wind pattern 
producing a north-easterly travelling surface water flow and a sub-surface south-westerly 
travelling counter flow. This preliminary study demonstrates the effective use of the 
fluorescent particles as a tracer, and the detection of the tracer particles by the AFC at low 
dilutions using a standard procedure. A lowest detection limit of 5-10 fluorescent panicles in 
65,000 total panicles was concluded from the study based on analysis and sampling repeatability. 
4.5 E V A L U A T I O N AND FUTURE A P P L I C A T I O N OF T H E T R A C E R 
PARTICLES 
Fluorescent orange and yellow resin panicles were found to be closely analogous to natural 
sediment from the Tamar Estuary, and readily detectable using an analytical flow cytometer. 
Cahbration o f the AFC enabled the number of fluorescent particles in a sample to be 
measured. An analysis procedure was then developed for diluted samples containing natural 
sediment and the fluorescent particles. 
A preliminary field experiment in a relatively simple system was carried out to assess the 
suitability o f the fluorescent particles to trace natural sediment movement. It was found that 
the analysis technique developed to determine the number of tracer particles in diluted 
samples taken in the field was successful. 
Thus, it appeared that the fluorescent particles were a suitable tracer for detecting sediment 
movement in natural aquatic environments. It was decided that further fleld experiments 
would enable further testing of the procedures developed for detecting the tracer, and 
additionally provide information on the sediment dynamics of the sites studied. 
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C H A P T E R 5 
A P A R T I C L E - T R A C I N G E X P E R I M E N T IN A S M A L L S H A L L O W 
L A K E 
5.1 I N T R O D U C T I O N 
Sediments play an important role in pollutant transport dynamics and eutrophication within 
lakes(Michlere/a/., 1980; Vass, 1980;Zullig, 1982; Buffle A / . , 1987;Lemmin& 
Imboden, 1987; Salomons ef al., 1987). The ability to predict cohesive sediment transport 
within lacustrine waters has great importance, both economically and ecologically in 
providing sound management and development plans for lakes. The physical processes 
involved in cohesive sediment transport include erosion; flocculation, deposition and 
consolidation, and have been described in Section 1.2. 
An understanding of these physical processes is essential in order to examine the particle 
dynamics of a lake system, but must be combined with a specific knowledge of lake 
hydrodynamics and the relationship between water movement and cohesive sediment 
transport. Lake hydrodynamics and physical controls or mechanisms of sediment transport in 
lakes are therefore described. 
After confirmation of the suitability of the fluorescent resin particles to be used as a sediment 
tracer (described in the preceding chapter), and the method of detection was proven to be 
accurate, the technique was applied in a study of a small shallow lake, Loe Pool, Cornwall. 
The resulting distribution of the tracer was interpreted using a depth-averaged hydrodynamic 
model of the wind-driven circulation within the lake, which enabled an assessment of the 
tracer dispersion and the natural sediment dynamics. 
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5.2 L A K E H Y D R O D Y N A M I C S 
5.2.1 Introduction 
The effects of wind on a water surface and the resulting wave formation have been well 
documented (Sverdrup & Munk, 1947; Rattray & Hansen, 1962; Bowden, 1983; Sobey, 
1986). When wind blows over a water surface it generates both low-frequency water motions 
(currents) and surface wind waves. Many aspects o f the resulting bottom currents have been 
investigated for both oceanic continental shelf and estuarine environments, but few studies 
have taken place in lacustrine environments (Lemmin & Imboden, 1987). 
Wind stress drives water circulation within a lake depending on the magnitude and direction 
of the stress, the shoreline shape and topography, and the lake bathymetry. The near-surface 
waters, and the whole water column in shallower areas, tend to move in the direction of the 
wind stress with a reverse compensating flow being present in the near-bed waters, especially 
in deeper areas. In shallow lakes, such as Loe Pool, wind-driven waves can also create 
residual currents (drift through the water column) although in small lakes with limited 
effective fetch this is not significant because friction and eddy viscosity limit the depth at 
which a return flow is possible. Thus, in shallow lakes, there is limited vertical circulation and 
most water movement is fairly uniform with depth, with any compensating flow being in the 
horizontal. The principal force for water currents and circulation is therefore wind-induced 
lake setup. 
5.2.2 W i n d Stress Induced Setup 
The effect of wind shear on the water surface results in upwelling, setup (the piling up at one 
end o f a basin in the form of a temporarily inclined water mass) (Csanady, 1978) and seiching 
(the oscillation of the setup when the wind stress is removed, generally insignificant in 
smalller lakes) (Sly, 1978). Wind-wave action and wind-water currents, due to setup, driv e 
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lake hydrodynamics. 
5.2.3 Wind-wave Mechanics 
Wind-wave action primarily causes erosion at the bed in shallow water, but some energy is 
transferred to Stokes Drif t creating residual water circulation. Surface wind-waves produce 
an oscillatory motion in the water. The water circulation follows circular paths or orbits in 
deep water. In shallower water (at water depths where L/2 > h > L/20; where L is the 
wavelength and h is the water depth), where the wave begins to feel friction from the bottom 
and the vertical component of the orbit is restricted, the motion becomes more o f an elliptical 
path. The orbital motion becomes narrower with depth until it becomes a to-and-fro 
horizontal motion with a smaller amplitude than that at the surface (Komar & Miller, 1973; 
Dyer, 1986). I f the horizontal motion level is at the lake bed (only in shallow lakes) then the 
motion will lead to disturbance o f the bed sediment. Erosion is then initiated i f the motion is 
sufficient to exceed the critical erosion shear stress, and the sediment is then transported by 
drift due to a dominant residual flow in one direction. 
The critical depth, or wave base depth (i.e. the depth at which the to-and- fro horizontal 
motion becomes negligible) separates areas of transportation and deposition in a lake There 
is a direct relationship between the wave base motion and the maximum grain size that can be 
moved by that motion. 
The amplitude o f water motion at the bed (d ) as a result o f wind-wave action is given by: 
d = H/sinh (2nh/L) (5.1) 
where H is the significant wave height. 
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The maximum wave orbital velocity (U ) associated with this amplitude is given by: 
m 
U = n d / T (5.2) 
tn o 
where T is the wave period. 
In fetch-limited conditions, surface waves have short periods (Section. 5.6) limiting 
turbulence. Under such viscous conditions, a laminar flow boundar>' layer develops due to 
bottom drag, within which sediment movement will occur. The limiting effect o f the waves 
prevents the boundary layer from growing to a thickness o f more than a few millimetres. U 
m 
and d are the values at the top of this boundary layer with a velocity gradient existing within 
the layer. 
Stratification plays a significant role in determining the bottom boundary layer thickness and 
resuspension of sediment due to wave action. Wave action increases turbidity which in turn 
causes the boundary layer to be more defined (Madsen & Grant, 1986). 
As the velocity of the to-and-fro oscillating wave motion increases there is a point when the 
water movement exerts a combined drag and lift stress sufficient to move the bed sediment 
particles. At this point, erosion and transportation begin. Komar and Miller (1973) calculated 
this critical velocity for non-cohesive sand grains; this can be given in terms of a shear stress. 
This critical velocity can be adapted for use in cohesive sediment transport composed 
primarily silt and clay deposits. There have been several studies of peak bed shear stress (T ) 
calculations in unidirectional flows, but work on oscillatory water-wave motion is complex, 
due to varying current accelerations. 
Dyer (1986), Delo (1988a) and Luettich et al. (1990) provide an interpretation o f erosion 
and transportation of cohesive sediment under different shear stresses and further examine 
the T for these sediments; peak bed shear stress is given by: 
mr 
T = 0.5 f p ( U ) ' (5.3) 
w W D 
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where p is bed sediment density. In fetch-limited conditions, such as those found in Loe Pool, 
where a viscous laminar f low exists the wave friction factor ( f ) is given by; 
f = 2 ( R e r (5.4) 
Re = U d /v (5.5) 
and 
» tn o 
where v is the molecular viscosity = 1 x 10"* m's '. NOTE: The wave Reynolds number (Re ) 
is < 10* for Loe Pool for windspeeds up to Force 10, suggesting laminar f low is predominant. 
The erosion threshold for non-cohesive sediments is often reached before the transition from 
laminar to turbulent f low occurs (Komar & Miller, 1973). The erosion threshold itself is a 
function o f the wave period and since short period surface waves are most common, then fine 
cohesive sediment movement must occur under laminar f low conditions. Luettich ei ai, 
(1990) found this to be the case whilst carrying out a study of the dynamic behaviour of 
suspended sediment concentrations on Lake Balaton, Hungary. They found a significant 
increase in the suspended sediment concentrations during an episodic wind event. 
Concentrations rose from a background of 15 mg 1"' to in excess o f 150 mg \ \ Similar results 
have been measured by Lesht et at.^ (1980) and Carper and Bachmann (1984). 
Luettich et a/., (1990) used a single mass transfer equation generated from measured data, 
and found that vertical fluxes were significantly more important than horizontal advection 
(Stokes Dri f t ) for suspended sediment concentrations. The study by Luettich etal., (1990) 
was simplified due to the shallow nature of Lake Balaton (mean depth 3.2m) with no vertical 
gradients. The model was based on depth averaged conditions, with wave-induced bottom 
stress being the principal forcing factor for resuspension. 
Luettich ef ai, (1990) found their empirical model suggested the bed was behaving very 
similarly to a non-cohesive unconsolidated turbid suspension, positioned immediately above 
the bed, and which was possibly kept mobile by mean current shear and bioturbation. The 
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sediment character suggests that the bed was cohesive. Other studies have found similar 
occurrences (Drake & Cacchione, 1986). 
5.3 S E D I M E N T DEPOSITION MECHAiNISMS IN L A K E S 
Lake sedimentation mechanisms are all controlled by winds, riverflow, atmospheric heating 
and the catchment charactersitics. Initially allochthonous sediment on entering a lake under 
riverine f low is transported by turbulent mixing from river inflow as a result of horizontal and 
vertical shearing. The degree of mixing is dependent on the relative density difference 
between the two water masses, although the river inflow can maintain and amplify lake 
circulation. 
The initial distribution of allochthonous sediment entering by river is either dominated by 
river plume (a function of discharge and velocity) and distributed as a delta or river plume, or 
by wind-wave action where no deltaic distribution pattern is visible (predominantly in low 
river discharges). Seasonal changes, particularly in temperate zones can lead to seasonality in 
the distribution of sediment; high river flow resulting in deltaic distribution and sedimentation 
and low river f low results in a general spread of sediment with lake circulation dominant in 
distribution as opposed to riverine plume. 
Most lakes have a border region of bed sediment between sediment distributed by river 
action, in the form of a delta, and sediment distributed by wind-wave action. The presence 
and location of this border is a function of the river discharge. A river discharge has 
similarities to the expansion o f a submerged jet with zones o f reverse f low (Jopling, 1960). 
The bed and suspended sediment load of an inflowing river often gives rise to a fan-shaped 
delta; as the river water slows down the suspended load settles out. Lakes with low river 
discharge (as in the case of this study) tend to have limited river dispersion, and seasonal 
variations cause changes in sedimentation patterns, especially in winter months when there is 
high river flow. Flocculation (a function of aggregation) is enhanced in river mouth areas due 
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to the drop in turbulence and the high inorganic and organic sediment suspensions. 
Flocculation is affected by suspended sediment concentrations, and leads to an increase in 
particle size and therefore particlesettling velocities, accelerating particle removal and 
decreasing particle concentrations in the water column.. 
Sedimentation and deposition, in lake areas dominated by river action, generally decrease 
logarithmically with distance from the river mouth. In shallow high energy zones there is 
often zero deposition or erosion taking place. With high river flow, the deeper low energy 
zones are dominated by flocculated particles (Downing & Rath, 1988) with an Re < 0.5. The 
horizontal component of the laminar flow around the particle is much larger than the vertical 
component and therefore the particle will travel relatively long distances. Pollutants are 
commonly associated with these areas of high accumulation (Hakanson & Jansson, 1983). 
Secondary transport deposition processes, initiated by wind-wave action causing 
resuspension, mixing and transport does occur in lakes. Sediments are not uniformly 
distributed in lakes, although many studies demonstrate sediment accumulation with depth 
(Lehman, 1975; Likens & Davis, 1975; Sly, 1977; Davis & Ford, 1982; O'SulIivan t^/a/.. 
1982). Sediment accumulation results primarily from the resuspension of sediments by wind-
wave action in addition to several other less dominant parameters summarised by Downing 
and Rath (1988). They found highly variable sedimentation within small uniform sampling 
sites possibly resulting from animal activity, sediment transport by bottom currents and small 
scale variations in the bottom profile. 
The morphology of a lake, its orientation and climatic conditions influence the transport o f 
sediment. Water movements are a function of the wind and are therefore temporally 
changing creating spatially non-uniform water motions which transport suspended sediment 
and which can erode surface bed sediment. 
The effects of limited fetch and duration of the wind produce low energy short period wind-
wave events causing a partial and selective transport mechanism of the suspended and 
85 
bedload sediment. However, there are a great many problems in making a clear association 
between wave energy and the sediment response (Hakanson & Jansson, 1983). 
5.4 STUDY SITE DESCRIPTION 
5.4.1 Geological Fornintion and Cntchment 
Loe Pool is a shallow (mean depth 3.3m) eutrophic, freshwater shoreline lake (Figure 5.1 and 
Plate 5.1), situated near Helston, Cornwall, U.K. (50''4'N, S^irW). 
During the Pleistocene, South-west England was subjected to intense periglaciation, forming 
tors on the granite moors and high alluvium deposition over the rest of the landscape. Fall in 
sea-level, up to 100m, caused rivers to excavate into the earth leaving deep valleys. At the 
beginning o f the Holocene, sea levels rose, flooding the valleys and causing infill with marine 
deposits (O'Sullivan et at., 1989). 
Some valleys remained as brackish estuaries, such as the Fal and Tamar, whereas others such 
as Slapton Ley, (Devon) and Loe Pool formed shoreline lakes as a result o f bar production by 
longshore currents. Loe Pool was probably formed in medieval times by the shingle bar 
(Coard, 1987). 
The geology of the catchment comprises granite (58% by area) including gravel and fine 
grained alluvium beds and killas (42% by area) or baked slates formed by the granite 
intrusion. The catchment is drained by 3 main rivers, o f which the River Cober (Figure 5.1) 
drains 73% and provides 93% of the water entering the lake with an average annual f low of 
1.0 cumecs. 
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Figure 5.1 Location of Loe Pool with the bathymetry (in metres), the fluorescent tracer 
particle injection site within the River Cober and the locations of the 
trisponder (a,b,c &d) shown. In addition cross sections 1 (X1) and 2 (X2), 
the river gauging station, Helston STW and RNAS Culdrose meterological 
station are also shown. 
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Plate 5.1 Loe Pool, Cornwall looking south from the river Cober towards Loe Bar 
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5.4.2 Climate, Bathymetr>' and Hydrography 
Loe Pool experiences a temperate maritime climate with prevailing winds from the south-
west. Seasonal average temperatures vary between S^C in February and 16"'C in August 
(Simola ef al., 1981). Rainfall shows monthly variations with maxima during October to 
February and minima during April to August (Figure. 5.2). Lake volume (average 2.07x 10* 
m^) varies seasonally as a result o f fluctuating water levels and river discharge. This 
fluctuation has been minimised recently due to the construction of a drainage tunnel built by 
South West Water Authority (SWWA, now South West Water Services Ltd) during the 
1980s. The rainfall and controlled water level affect the residence time of the lake, which can 
vary from 8-11 days during the winter months up to 150 days during dry summers (based on 
mean monthly gauged flow during 1972-1988: source SWWA). 
Figure 5.1 indicates that Loe Pool is a shallow gradual sloping lake. The contours 
surrounding the Pool are sleep, in places rising to 60-70m. This would suggest that Loe Pool 
originally was a deep lake with steep sides and has infilled with both marine and fluvial 
sediments. The upper basin has a small riverine deltaic deposition and around the neck of the 
Pool there is an irregular feature of shallow water possibly formed by the existence o f a 
wind-driven gyre. Generally there is an increase in depth with distance from the river mouth 
to the deepest point of 10m. 
The erosive and transportation powers of the River Cober are limited. The shallowness o f the 
lake prevents prolonged thermal stratification. Wind induced mixing is effective in 
maintaining homogeneity. The oceanic climate prevents large differences between air-water, 
and lake-river water temperatures. Thus turbulent exchange and circulation resulting from 
small temperature gradients and low river input are limited. These factors have a strong 
bearing on the fate and distribution of suspended and dissolved material and sedimentation 
processes. It is the intention of this study to examine the effect the wind and river input have 
on the overall circulation in the lake and the subsequent particle dynamics. 
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Figure 5.2 Mean monthly streamflow for the river Cober (1970-1979) and mean monthly 
rainfall within the Loe Pool catchment (1941 -1970). 
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5.4.3 Past Studies 
5.4.3.1 Sedimentation 
Palaeolimnological studies allow the reconstruction of past lacustrine environments and 
communities. Loe Pool largely remained unaffected by anthropogenic influences until tin 
mining spread into the area during the latter part of the 19th century (Coard, 1987). The 
mine wastes, resulting from the mining activity, contributed huge influxes o f allochthonous 
sediment into the River Cober. The shoreline of Loe Pool has undergone a remarkable 
change in terms of shape and position, along with colonisation by vegetation. This has caused 
a 17% reduction in the lake's area between 1910 and 1980 (Coard, 1987). This significant 
infill affected the physical and chemical composition of the lake's sediment, and also caused a 
decrease in the lake volume and residence time. This would have had the effect of reducing 
the nutrient loading, and caused the lake to be more susceptible to wind-induced mixing. 
This infilling peaked in the early part of the 20th century when historical records show the 
Pool was red on several occassions due to mining (Coard, 1987). The end of mining in 1938, 
when the mines were purchased and closed by the estate owners, the Rogers family, provides 
an excellent boundary in the sediment stratigraphy for dating, although subsequent flushing 
of surface mine deposits could extend the boundary date beyond 1938. 
Cores removed during the palaeolimnological studies show 3 distinct types or zones of 
sedimentation occurring during the last 200 years. The following descriptions are taken from 
Pickering (1987) and Coard (1987): 
"Zone A provides the base sediment in the core which is largely uninfluenced by man. 
It comprises a layer > 140 cm in thickness of regular laminated black/brown sediment with no 
bioturbation. It has a density of 1.36 g/crn and a water content of 52-60% Estimates suggest 
a sedimentation rate of 2.0 g cm'yr'•" 
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"Zone B has a thickness o f 30-140 cm of finely laminated red and grey clays mixed 
with dark layers. There is limited bioturbation. The density is L 7 gem* maximum with a 
water content o f 37.6% minimum. The sedimentation rate is 26.3 g c m V - Immediately 
surrounding the Cober inlet there is limited clay content due to sand and coarse silts 
transported down river being deposited on the delta." 
"Zone C is the surface layer and comprises a 20-60 cm layer o f unconsolidated 
brown, intermittently laminated highly bioturbated sediment. I t is a highly organic gyttja, with 
the light and dark brown laminations just below the surface (top 0-5 cm). The density is 1.1-
1.2 g cm* with a water content o f 80-90% due to its unconsolidated nature. The 
sedimentation rate is 0.1 g c m V " 
The red clay/brown gyttja boundary, between Zone B and C. marks the boundary for the 
cessation of t in mining and therefore can be used to determine long term sedimentation 
patterns (Pickering, 1987). Figure 5.3 shows contours (in cm) o f the thickness o f Zone C 
taken from 36 cores. There is a clear deltaic deposition effect around the inflow of the River 
Cober and in the bay o f Penrose Stream (O'Sullivan et al, 1982). There is an unexpected 
increase in sediment deposition at the north end o f the Loe, where the lake narrows, 
suggesting the existence o f a gyre in this area. Throughout the Loe, sediment deposition is 
relatively low, with an overall focussing in the deep low energy zone at the southern end, 
with sedimentation proceeding in a southerly direction from the main stream inputs. 
Clearly, in the area surrounding the River Cober inlet, river-dominated sedimentation is 
mainly deltaic with a general logarithmic decrease with distance from the river mouth. Figure 
5.3 shows the non-uniform distribution o f sediment in Loe Pool with this variation possibly 
explained by those parameters described by Downing and Rath (1988) (Section 5.3). 
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Location of 
cor ing sites. 
Figure 5.3 Isopach map of the brown-clay surface sediment (in centimetres) o f Loe Pool 
showing location of palaeoliminological cores on the lake bed. (Adapted from 
O'Sullivan et al., 1982.) 
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• 5.4.3.2 Algal Blooms 
Loe Pool has been of considerable interest throughout history because of its specific flora 
and fauna and the geological background of its formation and continuing existence behind the 
shingle bar (Coard, 1987). The ecological importance was recognised when the bar and 
wetland, surrounding the River Cober inlet, was listed as a Site o f Special Scientific Interest 
(SSSI). 
The frequent and obtrusive occurrence of algal blooms during summer months instigated 
palaeolimnological studies on the Pool. Coard et al., (1983) notes that in summer months, 
total chlorophyll a levels in the water column could exceed 500 mg i"' in more sheltered areas 
of the lake. 
The National Trust (owners of Loe Pool), and the National Rivers Authority are particularly 
interested in the causes and long-term effects o f the blooms. Several studies have taken place 
in recent years in an attempt to provide valuable information and data regarding this obvious 
eutrophication o f Loe Pool (Pickering, 1987; Coard, 1987). These palaeolimnological studies 
have provided an empirical basis for the reconstruction o f past lacustrine environments and 
communities, recording trophic changes within the sediment. 
Loe Pool undergoes a seasonal variation between well mixed, oxygenated conditions 
throughout winter months, to periods of oxygen stress at the bed during summer months. 
This indirectly causes laminated sediments to occur due to processes such as changes within 
the lake ecosystem, and variation in the intensity of erosion and transport o f allochthonous 
material (Simola i^/a/., 1981). 
Analysis o f lake sediment has indicated that the Pool has become increasingly eutrophic . 
throughout the 20th century from anthropogenic enrichment with nutrients. Evidence which 
supports this was obtained from the analysis of sedimentary organic matter, chlorophyll 
degradation products, total phosphorus, sterols and diatom and cladoceran remains in 
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sediment. Coard (1987) suggests that the majority o f the sterols, were C sterols, indicating 
29 
a considerable allochthonous input o f organic matter into the system. 
O'SuIlivan (1990) summarises from previous studies that the palaeochemistry analysis on the 
lake sediments confirms the Pool began to change to a more eutrophic state in the 1930s, 
coinciding with the commissioning o f Helston Sewage Treatment Works (STW). I n recent 
years it has been increasingly evident that the Pool has been undergoing nutrient enrichment 
resulting in blooms of Cyanobacteria (blue-green algae) (O'SuIlivan etal.^ 1989). I t is noted 
that blooms have occurred in most years since 1968 (O'SulIivan et a/., 1989), most o f which 
are preceded by low levels o f dissolved inorganic nitrate and high levels o f dissolved 
inorganic phosphates. Maximum nutrient levels have been measured between June and 
August in the lake waters (Coard. 1987), at limes o f hot. dry sunny weather, typical o f the 
summer months. The bloom itself causes a reduction in the available oxygen which results in 
the death o f large numbers of fish. Reynolds (1979) also suggests there may be a period o f 
windy weather, preceding the calm phase, altering the algal buoyancy resulting in an increase 
of algae near the surface. 
5.4.3.3 Nutrient Levels 
Nitrogen (N) and phosphorus (P) within lake sediments can originate f rom both point and 
diffuse sources in the catchment. Sewage and waste water discharge from human settlements, 
mainly Helston and RNAS Culdrose (total approximately 15,000 residents; seasonal 
variations due to tourism do occur) and nutrient rich runoff from agricultural use o f fertilisers 
comprise the majority o f these sources (Coard, 1987). Helston STW discharges into the 
River Cober influencing the nutrient supply to the Pool. RNAS Culdrose discharges both into 
the the Pool, via Carminowe Creek, and directly into the sea. SWWA (now South West 
Water), the managers o f the Works, appear to accept no responsibilty for the phosphate 
enrichment and eutrophication o f the Pool (O'SuIlivan, 1989). They stale that "Hebton STW 
is nothing to do with the problem". The Environmental Science Department at Plymouth 
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Polytechnic carried out a survey which found "polluted water algae" dominant in and around 
the River Cober inlet caused by organic matter entering the system (Coard, 1987). 
Monitoring for nutrients in the River Cober has been carried out, originally by SWWA and 
then by the National Rivers Authority, with data beginning in 1976. The data suggests that 
19.8 T yr"' o f P (Figure 5.4) enter Loe Pool with an average concentration downstream of the 
STW of 0.635 mg l '; 92% of which is from Helston ST\V. Approximately 26% of this influx 
leaves the system, mainly occurring when the flushing time is very short during the winter 
months. The data suggests the Pool is approaching saturation since in the early 1980s 10% of 
P added left the Pool, whereas by the late 1980s this figure had risen to one quarter o f that 
added. Data has not been taken at regular intervals over the years, which prevents any close 
examination o f the daily and monthly fluxes. 
The data also shows an input of 195 T yr"' N entering Loe Pool with an average 
concentration of 6.25 mg l '; 29% from Helston STW. The remainder originates from 
agricultural runoff in the catchment area. Approximately 58.4% leaves the system suggesting 
Loe Pool is close to complete saturation in N , although N is less damaging in terms of 
altering the trophic state of the lake. 
The conclusion from this large amount of work is that Loe Pool has undergone a major 
change and is now eutrophic due to severe loading from agricultural and sewage waste 
(O'Sullivan, 1990). The only long term solution is to further treat sewage to remove P 
(Wankowski, 1979) or to stop sewage effluent discharge into the lake altogether. 
Phophorus is in a permanent state of flux between the water column, where it is available to 
algae, and the sediment. Turbulent mixing is a key factor in the remobilization of P from the 
sediment. Therefore, the sediment dynamics within a system, such as Loe Pool, play a 
significant role in determining the water quality. 
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Figure 5.4 Annual fluctuations in organophosphale concentrations from 1981-1990 
measured above and below the Helston Sewage Treatment Works in the River 
Cober and in the outlet to the lake. 
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5.4.4 Overall Flow Regime 
Loe Pool appears to have a limited riverine circulation, with mainly deltaic sedimentation 
localised around the entrance to the river Cober in the most northerly basin. Resuspension 
and transport after this initial deposition must be due to wind-wave currents and bottom 
current action, caused by wind set-up. 
The overall flow hydrodynamics is governed by the wind speed and direction, modified by 
the topography of the surrounding areas and the shore (Figure 5.1). Any wind, except that 
from the southwest, would experience some interference. The windfield over such small lakes 
is normally rather uneven, due to the influence o f lee effects. The observed wind flow, i f 
measured above the lake surface, would be a growing boundary layer rather than a fiilly 
developed turbulent flow. This would also have a similar efi^ect in the water column. Hansen 
(1979) suggests that a lee effect would be experienced over a length 6 times the height o f the 
shehering feature, and over a further distance of 7 times the height it wil l grow to at its fully 
developed value. In front o f the lee giving feature the corresponding length would be 2 times 
the height. 
This lee effect tends to reduce the fetch and is described as the effective fetch (Hakanson & 
Jansson, 1983). The effective fetch for Loe Pool is difficult to determine due to funnelling 
effects from the valley, however values were calculated to assist in the interpretation o f the 
particle dynamics data (Section 5.6). 
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5.5 E X P E R I M E N T A L 
5.5.1 Introduction 
The orange fluorescent particles described in Chapter 3 were considered to be a satisfactory 
sediment analogue and tracer, and were released into Loe Pool as pan o f a tracer particle 
experiment. A depth-averaged hydrodynamic model of the wind circulation of the lake was 
used to interpret the observed distribution of the tracer particles. 
5.5.2 Experimental Procedure 
On arrival at Loe Pool, a visual survey was carried out, and four sites were found to position 
the transmitters of a trisponder navigational system used to obtain positional data. The 
transmitting slaves were installed alternately, as needed,at key locations (sites a-d) around the 
perimeter of the Pool to enable the precise determination o f sampling sites (Figure 5.1). 
Using a small inflatable boat, a preliminary survey of the Pool was undertaken which included 
bathymetry, and current velocities of inputs and outlets. 
Comparisons were made between the bathymetry recorded in previous studies (Pickering, 
1987) and those measured in this study. Volume and lake residence times were calculated to 
allow an estimation of the dispersion and transport of the fluorescent tracer. The tracer 
particles are negatively buoyant with a still water settling time within the lake of several 
hours, Based on all this information, and the measured main inflow, a sampling frequency 
was decided. The residence time during the study period was over 100 days and therefore it 
was decided to sample in the area immediately surrounding the River Cober inlet, and along 
the uppermost stretch of the Pool with a greater frequency of I sample per 25 m". Fewer 
samples were to be taken in and around the outlet and Carminowe Creek at a frequency o f 1 
sample per 35-40 m*. 
99 
5.5.3 Sampling Procedure 
Background samples were taken to determine any fluorescence of the water and bottom 
sediment. On 28 April 1990 at 20.00 hours, 5kg of tracer particles (mixed thoroughly with a 
laboratory surfactant, and then diluted with water from Loe Pool) were injected beneath the 
water surface at the mouth of the River Cober (Figure 5.1). The tracer was added on a 
windless evening, with no visual water disturbance other than the inflowing river. 
The system was left for 3 days before the surface layer of the bed sediment (approximately 
the top 2cm) was systematically cored using a gravity corer. Water samples were collected 
from around the Pool during the 3 day stabilising period and were analysed using a 
fluorescence microscope in the field. Fluorescent tracer particles were found to have 
travelled throughout the Pool, although no quantitative interpretation was possible using 
these results. A total o f 756 samples were collected during the following 20 day study period, 
and returned to the laboratory for analysis on the flow cytometer. 
5.5.4 Addit ional Climatic Data and Results 
Data on rainfall, river flow, lake water level and nutrient levels were obtained from the NRA 
Southwest, during the study period (Figure 5.5), in addition to long term data where 
available. The meteorological office at RNAS Culdrose (situated I km due East of Loe Pool, 
Figure 5.1) measured windspeed and direction hourly and provided valuable wind and rainfall 
data. This data was obtained to help interpret mixing and dispersion patterns. 
The river flow gauging station was originally situated at Helston Park Gauging Station 
(Figure 5.1), but was replaced by one at Trenear, higher up the River Cober. An overlap of 
the data from January 1988 to May 1989 allowed a linear regression for the 2 sites to be 
carried out enabling the extrapolation o f river flow entering Loe Pool during the study 
period. Measured daily lake water levels and river flow allowed the calculation of residence 
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time and a correction factor for the lake volume.The river flow and water level decreased 
steadily during the study period from the 20* April onwards, however despite the reduction 
in volume, the decrease in river flow caused the residence lime to rise over 100 days. The 
estimated river flow at Helston fell steadily from a high point o f 0.52 cumecs, at the 
beginning o f the study period, to 0.19 cumecs at the end. 
Rainfall data during the study period (Figure 5.5) shows a slight correlation between 
precipitation and changes in river flow. The annual pattern for monthly rainfall shows a 
similar pattern to river runoff (Figure 5.2). 
The wind data, measured at c. 100m above sea level, can only provide a guide as to the 
prevailing wind at Loe Pool, with no consideration for local effects. Figure 5.6 shows half-
daily wind vectors for each day of the study period starting at the same time as the tracer 
injection; for hours with identical directions the vectors are overlayed (NOTE: the wind is 
from the end of the line towards the arrow, i.e. for days 2-5 the wind is predominantly from 
the ENE). These vector lines indicate the wind was acting with considerable strength (up to 
15 m s"') from an easterly direction for the flrst few days after introduction o f the tracer. This 
wind pattern will have had a marked effect on the initial dispersion and advection of the 
tracer particles. 
5.5.5 Analysis 
The bed sediment core samples (756 in total) were stored at 4*0 in the dark and were 
analysed on the Analytical Flow Cytometer as described in Section 4.4. The gravity corer 
removed a 5cm' core comprising the sediment, the fluorescent tracer particle horizon and at 
least 10 ml of overlying water. The volume of core and surface water varied between 
samples, so this needed to be measured for each sample. 
The simple calculation described in Section 4.4 enables the data to be displayed as numbers 
of tracer particles cm " of lake bed over the whole area of Loe Pool. 
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Figure 5.5 Daily mean stream inflow, rainfall and lake water level for Loe Pool during 
the study period 1st April 1990 to 25th May 1990. 
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Figure 5.6 Twelve hour averaged wid velocity vectors, one for each half-day period 
following injection for the duration o f the experiment. Note that the first 
arrow to the southern end of the Pool denotes the first twelve hour period and 
the wind direction is towards the arrow head i.e. an casierlv wind. 
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Analysis of the water and sediment samples collected from Loe Pool prior to the tracer study 
gave no evidence of background fluorescent particles within the system. In addition, replicate 
core samples and analysis were carried out. Core samples were taken at a moored buoy to 
within 1 m of each other, to provide data on variability with distance from a core taken, with 
limited success. Five duplications were carried out with the first three cores having a variance 
of 18-32%. However the error increased dramatically with the last seven replicate cores to 
between 147-270%. Disruption of the bed, caused by the impact from the corer and irregular 
sedimentation (Downing & Rath, 1988) are the main causes for this discrepancy. In addition, 
handling the boat's position, especially in deeper water prevented precision in the coring 
positions. 
5.5.6 Tracer Results 
Figure 5.7 shows the concentration contours of the number of tracer particles cm". There is 
an obvious high concentration of tracer in the North basin, with concentrations in excess o f 
10 X 10^  tracer particles cm ^ The particles were spread over a large area with considerable 
dispersion and advection having taken place. These results are discussed in much greater 
detail in Section 5.6. The distribution data from the area of lake bed around Carminowe 
Creek and Loe Bar was in places patchy, and as a result only limited interpretation has been 
possible. 
The distribution o f the brown clay sediment of Loe Pool (previously described in Section 
5.4.3.1) shows similarities to the tracer contour data. One must remember that the latter is an 
instant injection rather than an accumulation over more than 40years. The existence o f 
predominantly deltaic sedimentation in and around the River Cober inlet which spreads down 
approximately one quarter of Loe Pool agrees closely. In this respect, an instantaneous 
injection of fluorescent tracer particles would closely mimic the entering o f sediment, 
undergoing a similar radial spreading and deposition often associated with alluvial fans. 
There was also a noticeable accumulation in the deeper part of the Pool, possibly due to 
remobilisation and redistribution of the sediment by wind-wave action. 
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Figure 5.7 Measured tracer particle concentrations in the bed sediment o f Loe Pool The 
units are 10' particles cm ' of bed 
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The area o f Loe Pool has been calculated (from this study) as 577.000 m' with an average 
depth o f 3.3 m at Ordanance Datum (O.D.). During this study the water level was averaged 
at 0.284 m above O.D. giving a volume of 2.07 x 10* m*. Each tracer concentration contour 
is split into labelled areas (A-L) of tracer particles numbers cm *, with a total of 70.9% of 
the tracer particles found in the large area to the North (F-L), with the areas (C-E) 
containing a further 19.4% (Figure 5.8). Core sampling was repeated (in zones A & L) at the 
very beginning and at the end of the sampling period to provide quantitative information on 
the degree of remobilisation. The profiles however, once plotted, were infact 15-20 m apart, 
and ahhough the data suggests that some redistribution took place, the evidence is not 
conclusive. 
Therefore, 90% of the tracer is deposited and retained within the northem area of Loe Pool 
over the duration of the survey. Assuming the tracer particles are analogous to natural 
suspended sediment then 90% of sediment and any associated pollutants entering Loe Pool wil l 
also remain in this area over the same timescales. 
The sum of the particles integrated spatially for areas A to L was 3.81 x lO'* particles, 
initially 5.326 kg of tracer particles were added. Microscopy and AFC indicate the main 
particle population comprised particles smaller than the manufacturers specified size of 4-6 
^m. The measurements made during this study suggests that large numbers fell into the size 
range of 2-4 ^ m with an angular "platey" structure. Analysis of several samples using the 
above techniques indicated an average size of 3.25 ^m long and a volume of 10-15 | i m \ 
Manufacturers density is 1.37 g cm*\ therefore in 5.326 kg of tracer particles (where one 
particle weighs 1.8 x l O ' g ) there are a total of 2.99 x lO'* particles. Thus, there is agreement 
between the amounts injected and that detected, within acceptable margins o f error. 
Figure 5.9 shows two cross-sections ( X I and X2) taken through area X in different places 
(see Figure 5.1) showing the high concentration of tracer particles found in this area relative 
to the surrounding area. The cross-sections suggest the majority of particles were advected 
between 1 50-225 m from the injection site. 
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2 5 0 m 
Outlet 
A 5.5% 
B 4 .2% 
C 7.3% 
D 5 .8% 
E 6.3% 
F 19.1% 
G 8.9% 
H 10.5% 
I 10.5% 
J 17.3% 
K 2.6% 
L 1.8% 
X M a x i m u m 
Figure 5.8 Percentage of tracer withm each concentration contour (regions A - L ) 
providmg a mass budget of the total tracer particle dispersal Point X denotes 
the maximum of tracer concentration 
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Figure 5.9 Tracer particle concentrations through cross-sections X I and X2 from the 
fluorescent introduction point (Figure 5.1). 
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Figure 5.10 Tracer particle size distrubution of the recovered bed sediment tracer 
(percentage weight in size bands 0-6, 6-10 and 10-20|Am) as a function of 
distance from the tracer injection point. 
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From the AFC analysis particle size can be measured (Section 4.2.3) and Figure 5.10 shows 
how the tracer particle size varied with distance from the point of injection. Despite the mean 
size (4-6 i^m) being small, there was sufficient variation in the particles (0-20 | im) to detect 
distribution patterns. The percentage in the smallest size band increased by 11% over 1600 m 
distance from the tracer injection site with an 11% decrease in the percentage in the largest 
size band. Thus, a greater proportion of the smallest particles travelled furthest from the 
introduction site. 
5.6 T R A C E R DISPERSAL A N D M O D E L L L N G 
5.6.1 Wind-wave Model 
A model was developed which would explain and predict the movement o f the tracer 
particles and cohesive sediment within Loe Pool using information from previous studies (see 
Section 5.2). The model assumed a spatially uniform windspeed due to the unknown local 
effects described in Section 5.3. It was based on a classical dimensional analysis, originally 
used by Sverdrup and Munk (1947) to represent the effect o f wind and fetch where 
H , C = f(F,t ,W,g,h) (5.6) 
where H is the significant wave height, C is the wave phase speed, F is the fetch, t is the time, 
W the windspeed, h is the water depth and g is the acceleration due to gravity. 
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The prediction model used two equations relating wave height (H), period (T), windspeed 
and fetch as given by: 
gH/W' = 0.0026 [g .FAvY' ' (5.7) 
gT/\V = 0 .46[g .FAVY'' (5.8) 
(Smith & Sinclair 1972). Thus allowing the fetch-limited conditions to be calculated. 
For all sine and cosine waves C = L/T where L is the wavelength, and 
C = [(gUln) tanh(2nh/L)r (5 9) 
(Pond & Pickard, 1983; Dyer, 1986). This allows the phase speed (C) and the wavelength 
(L) to be iterated. 
Knowing the water depth, wave height and the wavelength, the horizontal displacement (d ) 
at the bed due to the elliptical orbital motion of a wave at the surface can be calculated 
(Komar & Miller, 1973)(Section 5 2). The maximum horizontal velocity (U ) can be 
calculated followed by the peak bed shear stress (T ) due to the wave. Several publications 
are available, having used this method to investigate sediment erosion, resuspension and 
transport studies (Sleath, 1984; Dyer, 1986; Soulsby & Smallman, 1986; Delo, 1988a; 
Luettich et al., 1990). 
Running diis model under varying wind speeds and fetch at a fixed water depth of 2m enabled 
maximum wave orbital velocity and associated bed shear stress to be determined. Figures 5.11 and 
5.12 clearly shows the rapid increase in wave height, period and wavelength with increasing fetch 
and windspeed. The wavespeed, however, reaches saniration at 2.1 m s''. The maximum effective 
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fetch of Loe Pool is approximately 600m. assuming the parameters outlined by Hakanson and 
Jansson (1983) and Hansen (1979). Therefore at 20 m s"' wind speed the maximum significant 
wave height is 0.6m. the maximum wave period is 2.4 seconds and the maximum wavelength is 
5m. Fetches plotted above 600m are shown for reference only. 
The significant wave height doubles with increasing windspeed and fetch to a maximum in 
very strong winds of 0.4 m. The increase with both wind and fetch show that the wave height 
has a strong function with windspeed. 
Figure 5.13 indicates that wave orbital velocity and associated shear stress would be impact-
ed down to a water depth of 2.5 m in Loe Pool under a windspeed of 10 m s '. The minimum 
orbital velocity in the area around the Cober delta, with a depth of between 0.5-2.0 m is 0.04 
m s"' which provides a shear stress of 0.05 Nm '. Erosion of the surface unconsolidated 
sediment occurs at 0.1 Nm " (Dyer, 1986) and therefore under these conditions erosion would 
occur at depths of 0-1.5 m. 
The most common winds experienced in this area of England are southwesterly between 5-15 
m s' as an annual average (source RNAS Met. Lab.). Under these conditions a sediment bed 
of 80-90% water content, such as that found at the bed surface in Loe Pool (Coard, 1987), 
gives a dry density o f approximately 100-230 kg m"^  (Delo, 1988a). This sediment has a 
critical bed shear strength of 0.3-0.8 Nm * (Delo, 1988a). Therefore, the maximum water 
depth at which the highest water content sediment bed would be eroded would be down to 
1.5 m and under fetch conditions o f 1600 m. During the study period the fetch was 
predominantly <600 m and the wind rarely exceeded 10 m s a n d therefore we would expect 
minimal remobilisation of the sediment after primary deposition. 
Figure 5.14 indicates that higher windspeeds increase the maximum orbital velocity down to 
several metres depth with the resulting shear stress causing resuspension to a depth o f 2 m 
with a 20 m s"' wind from the southwest. The inclusion of larger fetches is intended to show 
how a slight increase in these parameters could alter the erosion conditions within the Pool. 
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Figure 5.13 Wave orbital velocity (U ) and bed shear stress (x ) as a function o f water 
depth and fetch from 200-1600 n at a windspeed o f 10 m s\ 
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Figure 5.14 Wave orbital velocity (U ) and bed shear stress (T ) as a function o f water 
depth and fetch from 200-1600 n at a windspeed o f 20 m s", 
115 
Although there was limited remobilisation of the bed sediment during the study period, it is 
important to note that under southerly wind conditions a significant proportion o f the upper 
area of the Pool, around the river mouth, where approximately 90% of the sediment and 
pollutants are deposited, is eroded. This remobilisation of the sediment causes a large internal 
re-loading of the water column possibly initiating algal blooms (Section 5.4.3). Due to the 
long hydrauhc residence times of lakes, such areas act as efficient natural settling basins for 
particles and pollutants which on re-erosion suddenly release heavy metals and synthetic 
organic compounds back into the water column (VVeilenmann e( al.^ 1990). 
The sinking tracer particles will deposit on the bed of the lake i f the bed shear stresses are 
sufficiently weak. Bed shear stresses for a 25 m s' south westerly wind are contoured in 
Figure 5.15. A comparison with Figure 5.8 shows that the tracer particle maxima occur in 
areas where the stresses are less than 0.5 Nm '. Stresses in very shallow water (less than 
0.5m) tend to be much higher and can be of the order of I Nm '. The wave-induced stresses 
at location X (Figure 5.8) during the study are shown in Figure 5.16 and never exceed 0.2 
Nm • during the study even towards the end of the study period when there were strong south 
westerly winds. 
5,6.2 Wind-water Current Model 
In addition to oscillatory wave motion, the wind also produces a steady movement o f the 
surface layer o f water in the same general direction as the wind. This movement is 
communicated to the layers below by internal shear stresses. Below the surface, the velocity 
of the wind-induced current varies with depth, usually decreasing in speed and rotating in 
direction due to Coriolis Forces. However in small shallow lakes the earths rotation is 
negligible with the principal driving force for bottom currents being wind setup (Lemmin & 
Imboden. 1987). 
Bowden (1983) suggests a general rule of thumb for the current velocity to be approximately 
3% of the windspeed. The wind driven current has 2 components; a Eulerian drift generated 
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Figure 5.15 Bed shear stresses in Loe Pool for 25 m s"' south westerly wind indicating thai 
at the point o f high tracer concentration (X in Figure 5.7) the bed shear stress 
is approximately 0.25 Nm"'. Units are in Nm '. 
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Figure 5.16 Bed shear stresse at site A (Figure 5.7) at a u'ater depth o f 1.5 m as a function 
of time during the first 20 days of the study (0-480 hours). Units are in Nni *. 
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by the wind stress on the sea surface, and a Lagrangian drift due to wave motion, known as 
the Stokes Drift . Stokes Drif t occurs because the orbits o f the water particles are not closed, 
with the resuk that after the passage of each wave there is a net movement in the forward 
direction. The wind-driven current decreases rapidly with water depth falling from 0.9 to 
0.75% wind speed at 3 m depth. 
In deeper waters, w^th stratification, a transverse setup can occur with the surface current 
running one way. and the current close to the bed running in the opposite direction (Luettich 
et a/., 1990). This wind-driven current causes a setup to occur, with the elevated water 
surface at the far end o f the lake, and reduced water level where the wind is strongest 
pushing down on the lake's surface. This forms a gradient which in turn produces an overall 
current balancing the opposite flow. 
The outline and depth contours o f Loe Pool were digitized using facilities based at 
Polytechnic Southwest under the guidance of the NERC Computer Staff This co-ordinate 
data was incorporated into a depth averaged model, initially described by Uncles (1982), by 
Dr. R.J. Uncles o f the Plymouth Marine Laboratory and myself The model was used to 
evaluate the residual currents by examining the horizontal pressure gradients which form as a 
result o f the wind setup. A 53 x 43 array o f points with spacing o f 33 x 33m approximately 
covers the region G.R. S.W. 64-66W and 24-26N. 
The depth averaged equations of continuity and momentum are, respectively: 
6^6/ = - V ( ^ v ) (5.11) 
and 
6v/5r = - ( v V ) v . 5 V 4 - f x v + Tw - D v l v l / h (5.12) 
where / is time, g is the acceleration due to gravity, ^ is the surface elevation, h the total depth, 
V is the depth averaged velocity, f is the Coriolis parameter (1x10*^ s"*), D the bottom drag 
coefficient (2.5 x 10'^), W the wind velocity and T„ the surface wind stress where: 
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Tw = p , C D W Iw l ( 5 . 1 3 ) 
with Pa the density of air and CD = 3 x 10"^ + / - 5 0 % (Uncles et al, 1986) 
The terms represent the residual current acceleration (equal to zero in steady stale 
conditions), which is equal to the inertial acceleration, the acceleration due to the surface 
slope forcing, Coriolis acceleration, the acceleration due to wind stress and the retardation 
due to the quadratic frictional drag at the bed. 
Figure 5.17 is the surface elevation at each point in the Pool at the time of the tracer 
introduction and is a reflection of the wind blowing on the surface causing a setup. The 
model balances a gradient of elevation and a force due to the wind stress by generating a 
residual current flow around the lake, which can be seen in Figure 5 . 1 8 for a northerly wind 
of magnitude 15 ms'' ( A ) and an easterly wind of 13 m s ' (B) different wind directions. The 
resulting circulation pattern describes the modelled hydrodynamics of the Pool. 
The limited discharge of the river inflow assists only partially in the overall advection o f the 
tracer particles. I f we assume that the tracer particles enter the lake in a turbulent jet 
(Jopling, 1 9 6 0 ) , with a longitudinal velocity which decays as the reciprocal of the distance 
travelled from the site of introduction, then the average velocity of the particles would be 
approximately 0 . 0 0 8 m s"'; this is the maximum velocity for a turbulent jet entering an infinite 
body of water. In reality, current speeds will be reduced due to the effects o f bottom friction 
on the inflowing river. The momentum from the river therefore does cause the tracer 
particles to remain suspended in the water column, until the wind-water currents begin to 
take effect. 
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Figure 5.17 Predicted wind driven lake setup for a 13 m s"' easterly wind to indicate 
elevation during the first five days o f the study period due to lake stup. Units 
are in millimetres. 
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15 m s* 1 Norther ly Wind 
10 m s • ^ North 
13 m s ' l Easterly Wind 
10 m s" ^ North 
Figure 5.18 Modelled depth-averaged, wind-driven water circulation within Loe Pool for 
a I 5 m s"' northerly wind (A) and a 13 m s"' easterly wind (B). Note that west 
is vertically upwards on these diagrams. 
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Figures 5.19 and 5.20 show the wind-water circulation patterns which existed for the first 
four half-days (I2-hourly averaged readings) after the tracer introduction. The most 
noticeable feature is the very dominant gyre, in the upper region o f Loe Pool, close to the 
river outlet. The gyre remained in approximately the same position, even as the windspeed 
varied. The highly concentrated region X (Figure 5.8) approximates very closely with the 
centre o f the gyre. Over successive half-day periods the centre migrated slightly, causing 
wider spreading of the settling particles Applying Stokes settling velocity for the tracer 
particles, the particles had a settling time of approximately 7-12 hours in this water depth, 
but with increased turbulence this settling time would have increased and therefore the tracer 
particles would have continued to be influenced for several days. Two secondary gyres 
existed, directly east of the river outlet, which would have continued to recirculate any tracer 
particles. Their positions varied slightly during the first two days although there was a 
similarity to the tracer contours of regions K and L. 
Further gyres were also evident along the Loe causing the spreading o f the tracer, clearly 
seen in regions C - E . South o f this point the gyres were slightly more confused and less 
pronounced under the north-easterly winds which were experienced for the first 7-9 days of 
the study period. Figure 5.18 shows the water circulation patterns for the lake under a 
moderate northerly and easterly wind. Current velocities rarely exceed 0.1 m s ' which 
provide sufficient turbulent mixing to maintain fine silts and clays in suspension, but not 
allow resuspension. Under northerly wind conditions the main gyre split into two and caused 
tracer concentrations to be centred around these two points. Water circulation patterns for 
southerly and westerly wind flow are the exact opposite since the equations o f continuity and 
momentum are reversed. 
During the study period the wind was predominantly from the N T E - E N E (Figure 5.6) causing 
the tracer particles to be distributed as already described above. The wind-wave action for 
the first few days was minimal, due to the limited effective fetch. Bed sediment would only be 
resuspended immediately surrounding the shoreline (i.e. <50cm.). However, towards the end 
of the study period the wind was from the southwest, and had a velocity o f 10-15 m s"' 
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F i r s t 1/2 Day after Inject ion 
10 m s ' ^ North 
Second 1/2 Day after Inject ion 
10 m s- ^ North 
Figure 5.19 Modelled depth-averaged, wind driven water circulation within Loe Pool 
during the first (A) and second (B) half days after the tracer injection. Note 
that west is vertically upwards on these diagrams. 
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T h i r d 1/2 Day after In jec t ion 
Fourth 1/2 Day after In jec t ion 
Figure 5.19 Modelled depth-averaged, wind driven water circulation within Loe Pool 
during the third (A) and fourth (B) half days after the tracer injection. Note 
that west is verticilly upwards on these diagrams. 
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resulting in the main gyre having a reversed fiow but in the same position. The effective fetch 
was 600 m and sediment resuspension would have occurred to a depth o f 1.25-1.5 m. 
The models and data suggest that the tracer particles would have circulated in the upper 
region around the main gyre until settling out in a radial pattern from the centre of the gyre. 
Limited wind conditions prevented the tracer from being redistributed, and therefore the 
tracer concentration contours seen in Figure 5.7 represent primary deposition. 
5.7 SUMMARY 
Loe Pool is a shallow eutrophic shoreline lake influenced by a temperate maritime climate. 
River flow, lake residence time, stratification and circulation reflect climatic seasonality. 
Sedimentation in the lake is predominantly fine cohesive clays and silts originating from the 
allochthonous influx of the catchment and the river discharge. 
Several studies have shown that the sediment acts as an effective sink for nutrients and 
pollutants. Turbulent mixing is the key regulating factor in the release and reloading o f a 
water column. Some authors have found up to 100% of the external supply is released after a 
storm event. This has serious implications for shallow lakes with post-depositional migration 
both vertically and horizontally being important. 
Loe Pool has an overall flow regime regulated by wind-wave and wind-current action, since 
river discharge is minimal. The sedimentation is generally not uniformly distributed, with 
17% of the lakes surface area disappearing in the last 70 years. River action sedimentation 
does occur, as seen in Figure 5.3, in the form of a delta which extends into the lake for the 
first 100m. The remainder of the lake is covered with a highly flocculated sediment with 
specific accumulation in the deeper areas. During the winter months, when river discharge is 
generally higher, river action sedimentation is dominant. 
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Consolidation o f the sediment is minimal due to the small influx of allochthonous material. 
However, during the mining period higher sedimentation is reflected in the water content of 
this sediment layer (minimum 37.6%). Erosion only occurs under conditions of large fetch 
and strong winds. 
The shape and morphology of Loe Pool, and climatic conditions strongly influence the 
transport of sediment within the lake system. Loe Pool is eutrophic, with frequent algal 
blooms which began around the time of the commissioning of the Helston Sewage Treatment 
Works. Severe loading of the Pool with nutrients and pollutants originating from sewage, and 
pollutant point and diffuse sources. Data from SVVWA suggests 19.8 T a"' P of which 92% 
originates from the STW and 195 T a"' N mainly from agricuhural sources; 26% and 58% 
leave the system, respectively. The Hydrological Relevant Load (HRL, i.e. the amount o f 
nutrient available for growth in spring, plus that which enters during the growth season) must 
therefore be in excess of 33% and 50% suggested by Vollenweider (1975) and Jorgensen 
(1980), and Ryding and Forsberg (1980), respectively. The sediments act as a huge sink to 
the nutrients and pollutants. 
Accuracy of analysis on the AFC was good ranging from 0-7%, with sample preparation 
ranging from 2.6-14.7%, allowing for an average AFC variability of 4.75%. Errors for the 
repeat cores were good initially, but bed distortion, non-uniform sediment distribution and 
inaccurate coring possibly explain the large inconsistences. 
High concentrations of tracer particles occurred in the northern region with two well-defined 
maxima. The natural, brown-clay sediment o f Loe Pool shows some similarities to the tracer 
particle concentrations, in particular an accumulation in the northern region, although many 
differences do exist. However, much of the natural sediment entering the lake will do so 
during spate conditions when water circulation patterns may be different from those during 
this experiment. There is an accumulation of natural sediment in the deeper part o f the lake 
which is not a feature of the tracer particle data. This accumulation is possibly due to 
remobilisation and redistribution of sediment deposited in the northern area by wind-wave 
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action during extreme weather conditions. 
The majority of tracer particles were deposited between 150-225 m from the injection site. 
There was significant spatial variation for the size range between 0-20 |am. The percentage 
by weight in the smallest size band increased by 11% over the 1600 m distance from the 
tracer injection site, with a corresponding 11% decrease in the percentage in the largest size 
band. A greater proportion of the smallest particles travelled furthest from the injection site. 
A budget of recovered tracer particles shows that approximately 90% by weight were found 
in the northern area. The estimated number of'recovered' particles was 3.8 x lO". The 
estimated number of injected tracer particles was 2.9 x lO" particles. The difference between 
these estimates is possibly the result of sampling variability and errors in the analysis 
technique. 
Assuming the tracer particles to be analogous to natural suspended sediment, then the results 
imply that approximately 90% of the sediments entering Loe Pool wil l , in the short-term, 
remain in this northern area, and that any sediment-borne anthropogenic pollutants wil l 
accumulate within the deposited sediment there. 
The winds were predominantly from the east and north during the flrst few days after 
injection of the tracer particles. A numerical model of the circulation shows that the depth-
averaged, wind-driven circulation in the lake is typically of the order of 0.1 m s*' and that the 
shallow, northern part of the lake has a particularly strong circulation. In the case of a 
northerly wind, the circulation within the northern area consists of two strong, opposing 
gyres. For an easterly wind, there is one strong and one weak gyre. 
The model was run for the duration of the experiment using actual runoff and wind-stress 
data. During the first two half-days following injection o f the tracer particles, when the wind 
was mainly easterly, a large gyre existed to the south and west of the river mouth. The centre 
of this gyre corresponded with the location of the tracer particle maximum in the bed 
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sediment. The secondary tracer particle maximum in the northern area corresponded to a 
region o f very slack currents to the south and east of the river mouth. In addition, any 
steering o f the wind field by topography will introduce a northerly component to the wind-
stress which would have emphasized the tendency for particles to be accumulated to the 
south and east o f the river mouth, as well as in the main gyre region to the south and west. 
The circulation patterns remained similar, but stronger during the first few days after 
injection, so that the tracer particles experienced a fairly stable flow-field for a much longer 
period than the Stokes settling time as they sank to the bed. Bed shear stresses for the first 
and second half-days following injection indicate that the tracer particle maxima occurred in 
areas where the stresses were less than 0.1 Nm ". 
These wave-induced stresses increased with wind speed during the following few days, but 
never exceeded 0.2 N m ' in the area of maximum concentration, or 0.4 Nm"' in the area of 
secondary maximum concentration. Moreover, i f resuspension had occurred, the wind-driven 
flow patterns would have tended to maintain tracer particles in the northern region. 
Maximum wave-induced bed shear stresses occurred near the end o f the sampling period 
when a 25 m s ' wind blew from the southwest and the fetch was a maximum. Stresses 
reached 0.4 Nm ' in the area of maximum concentration and 0.8 Nm * in the area of secondary 
maximum concentration. 
The surface sediments within Loe Pool have, typically, 80-90% water content. The 
corresponding dry density is approximately 100-230 kg m'' and the critical bed shear-strength 
for erosion is estimated to be 0.3-0.8 Nm '. Therefore, one would expect minimal 
remobilisation of the deposited sediment for a considerable period following the initial 
deposition, although some resuspension may have occurred near the end of the sampling 
period. 
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C H A P T E R 6 
A S T U D Y O F T H E F I N E - S E D I M E N T T R A N S P O R T D Y N A M I C S IN A 
M A C R O - T I D A L E S T U A R Y : T A M A R E S T U A R Y , SW D E V O N , U K 
6.1 B A C K G R O U N D T O T H E T A M A R ESTUARY 
6.1.1 Introduction 
Partially stratified to well mixed estuaries usually exhibit a zone of high turbidity within the 
upper estuary where concentrations o f suspended solids can reach several orders o f 
magnitude greater than those carried by the inflowing freshwater and marine sources (Dyer, 
1988; see Section 1.3.3). Postma (1967), Schubel (1969) and Allen etal., (1980) have 
described these features and discussed the combination of hydrodynamic factors which leads 
to their formation and maintenance The maximum turbidity zone acts as a particle trap which 
retains selected fractions of influxing materials either in suspension or cycling between 
suspended and deposited states (Festa & Hansen, 1978; Officer, 1980; Allen et a/., 1980, 
Morns etal., 1982b; Ba\eetal., 1985, Uncles t^r a/., 1985, Morris «/., 1987). 
The Tamar Estuary, (Figure 6.1) has a pronounced turbidity maximum in the low salinity 
region ( Bale, 1987; Uncles & Stephens, 1989). The formation, enhancement, migration and 
chemical cycling characteristics of the turbidity maximum of the Tamar Estuary have been 
studied extensively in order to belter understand the mechanism o f formation of turbidity 
maxima in general from both an environmental and engineering viewpoint. 
Spatial variability and chemical cycling of many different parameters have been studied 
including trace metals (Knox c?/^/., 1981; Loring t?r dj/., 1983; Morris a/., 1982a; Ackroyd 
eia/.^ 1986), persistent chemicals (Readman tf/a/., 1982) and water quality parameters 
{Morris et al., 1981, 1982b). 
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Figure 6.1 Location map of the Tamar Estuary showing the freshwater weir and location 
and distance from the weir of the sampling Stations 1 -6. The tracer injection 
point is also shown. 
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Physical data on tidal regime (George, 1975), internal waves (Sturley, 1990) and 
determination o f size spectra, settling velocity and floe density (Bale et o/., 1987; Bale & 
Morris, 1987; Fennessy al., 1994) have ail enhanced the understanding o f estuarine 
processes, sediment mobility and pollutant transport. Modelling o f empirical data by Harris ei 
a/., (1984) to establish dispersion o f toxins and Uncles et al., (1985, 1987) assessing 
dispersion of salt and suspended sediment with respect to contaminant transport, has enabled 
an over\'iew of studies carried out. 
6.1.2 Site Descriplion 
6.1.2.1 Introduction 
The Tamar Estuary is a good example of a partially mixed macro-tidal estuary (Bale et a/., 
1985; Uncles ef a/., 1988) and presents an ideal site for the study o f fine sediment dynamics 
and the application of the tracing technique in a macro-tidal estuary. Bale (1987) outlines the 
reasons for the suitability of the Tamar Estuary as a natural environment 'testing laboratory'. 
In summary, it is typical of a large number of macro-tidal estuaries in temperate regions, it is 
relatively 'clean' in that it has no major industrial or fluvial discharges into it. The Tamar is 
navigable to the limit of its tidal influence, and therefore the whole o f the salinity gradient can 
be surveyed. Topographically, the estuary for the most part is uncomplicated with only two 
major tributaries, both near the mouth, and it has an uncomplicated 'U' shaped cross-section 
channel (George, 1975) which simplifies interpretation. 
The Estuary has been actively studied for many years by many organisations including the 
Institute for Marine Environmental Research (now Plymouth Marine Laboratory) a 
component body of the Natural Environment Research Council, Plymouth Polytechnic (now 
the University o f Plymouth) and the University o f Birmingham. These studies have produced 
an extensive amount of information on the circulation, sedimentology and pollution chemistry 
of the water column and sediments (Morris et al., 1982 a, b; Bale el a/., 1985; Uncles et a!., 
1985, Barton t^^fl/., 1991; Loring A / . , 1983). 
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6.1.2.2 Geography and Hydrography 
The Tamar Estuary extends 31 km from a weir at Gunnislake, the head o f the estuary, to 
Plymouth Sound (Figure 6.1): Bale (1987) provides a ful l description of the estuary. The 
Estuary has two major tributaries; the Rivers Lynher and Tavy located in the lower estuary at 
7km and 9.8km from the Estuary mouth, respectively. Approximately 50% of the freshwater 
flow into the Tamar Estuar>' is from the River Tamar over Gunnislake weir (Uncles ei al., 
1983). Typical monthly mean river flows at Gunnislake range from 3.3 m's ' in May to 70.1 
mV in November, although after periods of heavy localised rainfall, spates can produce 
flows as high as 140 mV 
The flushing time of the estuary, (defined as the time required for up-estuary freshwater 
inputs to replace the up-estuary volume of freshwater) varies with location and is dependent 
on river flow. For example, at the mouth the flushing time is of the order o f three weeks, 
whilst upstream at 15 km from the weir it is typically one week or less. The mean flushing 
time for the whole of the Estuary is typically one week. However, in extreme conditions, 
such as low runofi^during spring tides, it can be as long as three weeks (Uncles a/., 1983). 
Salinity distributions in the Tamar Estuary vary with the state of the tide and with river 
runoff. The Estuary experiences a wide range of salinity distribution, from well mixed to 
highly stratified with pronounced salinity gradients of up to 20 ppt (Uncles et al., 1983). 
6.1.2.3 Tidal regime 
George (1975) detailed the tidal regime of the Tamar Estuary and indicated the asymmetry in 
the tidal curve at the Estuary mouth at Devonport with flood tides having a shorter duration 
than ebb tides which results in stronger current speeds on the flood tide. This asymmetry 
becomes more pronounced in the upper Estuary (Uncles e/ al.^ 1989). High water at the 
head o f the Estuary is approximately I hour after high water at Devonport. At the head o f the 
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Estuary the ebb tide runs for approximately 7 5 hours and the flood for 4.5 hours. 
Uncles ef a..I .(1989) described a rapid acceleration from maximum ebb to maximum flood 
currents with only a brief period of slack water. At high water however, there is an extended 
period o f slack water which begins at high water and continues well into the ebb tide period. 
This asymmetry leads to tidal pumping as described in Section 1.3,3. 
6.1.3 Previous cohesive sediment studies 
6.1.3.1 Turbidity maximum 
A turbidity maximum is a phenomenon which is frequently observed in the low salinity 
reaches o f the Tamar Estuary (Bale, 1987; Undes et a/., 1991a,b). The location o f the 
turbidity maximum varies during the tidal cycle, the spring-neap cycle, with tidal range and 
river flow (Bale et a/., 1985; Uncles et a/., 1985). In the Tamar Estuary the maximum 
migrates up-estuary during low freshwater discharge, and down-estuary during high 
freshwater discharge (Bale et a/., 1985). The migration o f the turbidity maximum down 
estuary in winter months during periods o f high river runoff (and hence high turbidity) leads 
to a deposition o f suspended sediment in the mid-estuary region below 10 km. This mid-
estuarine deposit supplies source material for subsequent up-estuarine transport and 
entrainment during the subsequent summer months o f low river runoff (Bale et a/., 1985) and 
due to the high silt/clay content and unconsolidated nature the upper esluarine sediment is 
eroded and entrained within the turbidity maximum during the tidal cycle. 
Tidally induced resuspension is an essential mechanism for generating a strong, spring-tide 
turbidity maximum, and the location and magnitude o f the maximum is largely dependent on 
the flood tide transport of suspended sediment (Uncles et al., 1985) and to a lesser degree on 
gravitational circulation and local upper estuary resuspension o f sediments (Uncles & 
Stephens, 1989). Bed sediment is resuspended and incorporated into the turbidity maxima 
during spring tides and largely deposited and returned to the bed during neap tides (Steph 
m 
. ens 
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et al., 1992). Stephens et ai, (1992) showed that the degree o f consolidation increased 
down-estuary from the head o f the Tamar Estuary, and was caused by an increased bed shear 
stresses due to tidal currents and the limited period for consolidation following deposition 
during slack-water periods. 
This continual cycling of sediment within the turbidity maximum region Teeds' the maximum 
particularly during spring tidal conditions with greater contributions taking place during flood 
tides. This effect is further enhanced by vertical stability and stratification o f ebb tides 
diminishing vertical turbulent mixing (Darbyshire & West, 1991) enabling larger floes to form 
and settle to the bed and remain in the upper estuary as observed by McCabe ei al., (1993). 
Observations by Uncles et al. (1989) and Barton (1992) provide current data and settling 
velocities of floes and explain the settling, deposition and resuspension that occurs. Uncles et 
al., (1991b) notes that intratidal variations in water column SPM and salinity stratification, 
and therefore stability and vertical mixing, also play a role in fine sediment transport and 
turbidity maximum formation. 
6.1.3.2 SPM size analysis 
Bale cS: Morris (1987) determined floe size spectra in the turbidity maximum using in situ 
laser diffraction technology. They indicated that the bulk of particles measured in situ ranged 
from 37.6 to 188 | im (predominantly large floes) and above, whereas size analysis o f discrete 
samples from the turbidity maximum taken simultaneously by pump sample ranged from 25-
70 | im. Analysis of grains after treatment to remove organic coatings indicated a size range 
from 6-10 | im with 30% below 1.9 | im (predominantly individual grains and microflocs). 
Further size analysis by McCabe et a/., (1993) indicated that the size spectra measured in situ 
varied between ebb and flood tide and spring and neap tidal conditions. Two predomimant 
modes in the floe distribution were measured comprising 5.8 f im and 100 ^ m and larger. The 
spring flood turbidity maximum consisted almost entirely o f particles less than 6 | im in 
diameter, whereas the neap flood turbidity maximum consisted of large floes centred around 
200 pm (McCabe a/., 1993). 
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6.1.4 Areas requiring fur ther research 
Despite the enormous volume of work undertaken on the Tamar Estuary several significant 
areas of research remain inconclusive. These include: 
i) The establishment that tidal pumping of suspended sediment is directed up-estuary at 
spring tides and contributes to the formation of the turbidity maximum (Uncles er al., 
1985). 
ii) The understanding o f how the sediment balance and water and salt budgets are 
maintained (Uncles t^/a/., 1985). 
iii) The precise source of sediment which incorporates within the turbidity maximum 
during low river runoff summer months. Bale et al., (1985) suggests that migration of 
the turbidity maximum during high river runoff conditions allows deposits o f sediment 
to form in the middle estuary. When the turbidity maximum migrates upstream during 
lower runoff conditions, tidal pumping provides the mechanism and the deposits 
provide the source for an enhanced turbidity maximum during the summer months. 
iv) The particle residence time of the turbidity maximum and rates o f cycling within the 
estuary. Bale et ai, (1985) and Dyer (1989) highlight the uncertainty of particle 
retention and the location o f the sinks o f sediment which leaves the turbidity 
maximum during both high and low river runoff conditions. The residence time, 
cycling and accumulation of dissolved and particulate contaminants within the 
turbidity maximum, and the estuary as a whole, can not be accurately predicted 
without a clearer understanding of this aspect (Readman et al., 1982; Uncles et al.^ 
1987). 
v) The dispersion coefficients of suspended particulate within the turbidity maixmum 
region relative to the dispersion coefficient o f salinity (Uncles ei al., 1985). 
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vi) The degree of settling and resuspension during a tidal cycle (Dyer, 1989). 
vii) Evidence that a parcel of water laden with suspended particles which moves up and 
down the estuary close to the bed has a tendency to deposit particles at its high water 
position rather than its low water position indicating the degree o f entrapment on 
tidal mudflats in the upper reaches of an estuary (Uncles et al., 1991). 
viii) The assessment of the proportional effects o f neap and spring tides for the formation 
and maintenance of the turbidity maximum (Bale et al.^ 1985; Uncles etal., 1985; 
Stephens a/., 1992). 
The importance o f these points in advancing the knowledge of sediment and pollutant 
dynamics are clear, and invariably involve interdisciplinary work to evaluate each component 
simultaneously. 
6.1.5 Background to this study 
This study was designed to use the developed technique (described in Chapter 4) to answer 
more specifically some of the above aspects and to validate the technique for fijture work. 
The aim of this study was to investigate sediment transport in the upper reaches o f the Tamar 
Estuary within the turbidity maximum, to establish the particle residence time of the 
maximum, and investigate entrapment, dispersion coefficients of particulates in comparison 
to salinity, and establish the degree o f settling and resuspension during the ebb and flood 
tides. In addition an estimate of the proportional influence o f spring and neap tides was to be 
made. The experiment was also designed to assist our understanding o f the mechanisms that 
control the chemical cycling of contaminants in the turbidity maximum. 
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6.2 P R E L I M L N A R Y E X P E R I M E N T A L SURVEY 
6.2.1 Introduction 
The aim of the tracer experiment was to investigate sediment transport within the turbidity 
maximum during low summer freshwater discharge and spring tidal conditions. An 
assessment of ebb and flood variability over a complete tidal cycle was also planned. In order 
to meet ail these requirements the study was set for the 26*^  June 1990 which was a spring 
tide with an early morning high water enabling the tracer to be released at slack high water in 
the upper Estuary prior to commencement of the ebb tide. The times of high and low water 
allowed full use of the daylight hours to complete the study. The high and low water times 
for the tide and tidal range at Devonport on the 26*^  June were 081 5 - 5.1 m, 1415 - 1.1 m 
and 20.28 - 5.4 m. 
In order to design the tracer experiment and determine methodology and equipment 
requirements it was necessary to undertake a series of axial surveys on the Tamar Estuary in 
advance on the 26'^  June. Numerous axial surveys o f the Tamar Estuary have been 
undertaken and the results discussed and modelled (Morris ef al., 1982a; 1987; Uncles et al., 
1985; 1987; Uncles & Stephens, 1989). The results highlight a dominant turbidity maximum 
in the upper estuary between 0-10 km from the weir associated with the limit of saline 
intrusion, although as Uncles & Stephens (1989) note the turbidity maximum can 
occassionally be upstream of the freshwater-saline interface and therefore can not be affected 
by gravitational circulation. Generally higher concentration of SPM is also noted during 
spring tides as opposed to neaps, and with flood tides as opposed to ebb. 
6.2.2 AxinI Surveys 
Prior to the tracer study, three longitudinal axial surveys of the Tamar Estuary were 
undertaken on 15^ ,^ 18'*' and 22"'' June. The surveys were carried out using Tamaris' a 12 m 
flat bottomed Rotork sea-truck, and involved continuous logging of salinity, temperature and 
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suspended solids in the upper 1 m surface waters o f the Estuary using the same technique as 
described by Morris et al., (1982b). In addition, the daily mean freshwater flow into the 
Estuary across the weir at Gunnislake was obtained from the NRA. 
The objectives of the surveys were to: 
i) Determine the magnitude and position of the turbidity maximum relative to tidal 
state 
ii) Determine the probable range of excursion of the turbidity maximum 
iii) Quantify the suspended particulate loading of the turbidity maximum 
iv) Obtain a salinity and temperature profile of the Estuary 
v) Assess suitable sampling sites for the tracer study 
The axial surveys were carried out on both flood and ebb tides under the following 
conditions: 
15-June 
HW - 1 hr 40min to HW +1 hr 20 min at HW Slack from 31-1.2km 
HW + 1 hr 45min to HW + 2hr 45min at Ebb tide from 1.2-10.5km 
18-June 
HW - 3hr to HW - 1 hr 30 min at Flood tide from 17.2-1.2km 
HW - 30 min to HW at HW Slack from 6.3-1.2km 
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22- June 
HW - 4hr to HW -1 hr 45 min at Flood tide from 13.3-1.9km 
HW - i hr 45min to H\V-1 at Flood tide from 1.9-8.9km 
6.2.3. Results 
The results from the axial surveys on the 15^ 18*^  and 22"'' are shown in Figures 6.2 to 6.7 
respectively. The salinity results show a gradient from 32 ppt in the lower estuary to 0 ppt in 
the upper estuary. The steepest salinity gradient was in the middle estuary between 6 and 18 
km with a migration of the freshwater-saline interface during the tidal cycle. The upper saline 
limit is situated at 4 km during neap slack water on the 15^ and 18* and moves down-estuary 
on the ebb tide to 6 km approximately 2 hours after slack water. The data from the 22""* 
indicated the saline limit was positioned a large distance down the Estuary even close to high 
water slack. This was due to the high river discharge on the day o f the survey leading to 
displacement o f the turbidity maximum down-estuary (Bale et al., 1985) and dilution o f the 
salinity gradient. 
6.2.4 Summai*}' 
The axial profiles clearly indicated the existence o f a turbidity maximum in the upper reaches 
of the Estuary with maximum concentration on the neap tides (15*, 18*) between 180-420 mg 
r' and maximum concentration on the spring tide (22"**) between 450-800 mg I The 
turbidity maximum on the 15* was clearly associated with the limit of saline intrusion 
between 0-4 km at slack water, and as the ebb tide commenced the turbidity maximum 
concentration increased slightly from 375 to 425 mg 1"' . This may be due to an increase in 
current flow and erosion of bed sediment and entrainment into the surface waters. However 
work by Barton (1992) and Uncles & Stephens (1989) suggests that stratification is 
significantly enhanced during the commencement of the ebb tide, and that increase in 
turbidity lags the increase in velocity by approximately one hour. Therefore, due to an 
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Figure 6.2 Axial survey o f the Tamar Estuary on the 15th June HW-1 hr. 40 min. to 
HW+1 hr. 20 mm. 
142 
10 
Q 
<0 
8^ 
a. 
w 6 H 
- HW 1101 G M T 4.5m / 
- Survey s tar t : / 
_ 1246 G M T 1.2km / Survey end: / 1344 G M T lO.Skra / 
-
1 5 . J u n e . 9 0 
0 
1 1 I 1 
2 4 
1 1 1 1 1 1 ' 
6 8 10 
400 
300 
CO 
200 
100 
u 
o 
4> 
<0 
1 5 . J u n e . 9 0 
1 5 . J u n e . 9 0 
2 4 6 8 
D i s t a n c e f r o m weir ( k m ) 
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extended period of slack water at ebb tide this variation may be due to variability across the 
width of the Estuary, and indicate that minimal settling occurred o f the suspended sediment. 
The peak concentration of the turbidity maximum on the 18"^ , the lowest neap tide and lowest 
tidal energy, at slack water was 180 mg l ' and was comparatively lower than the 15* In 
addition, the freshwater river discharge was the lowest for the month of June for the 2 days 
prior to the 18"^  decreasing the level of riverine suspended material in the upper estuary. The 
opposite was the case for the axial survey on the IT^ since the freshwater discharge from the 
river on the day of the survey was 6 times higher than the 15'" and 18* and was the highest 
recorded discharge for June. The 22"'' was close to the top o f the spring tidal conditions, and 
the survey, carried out during flood tide, indicated high SPM concentrations due to increased 
erosion o f the bed sediment. The SPM concentration decreased slightly towards slack water 
due to settling of suspended sediment in the upper estuary as noted by Uncles et al.^ (1991a) 
From the axial surveys the turbidity maximum SPM concentration was estimated to range 
from approximately 250-450 mg l ' dependent on prevailing weather conditions and the 
freshwater discharge. The position of the turbidity maximum over a fu l l tidal cycle was 
estimated to be between 2-10 km during the spring tidal conditions with the range o f 
excursion being from a peak SPM concentration at high water slack between 2-4 km to peak 
SPM concentration at low water slack between 8-10 km. This agreed with previous studies 
carried out in the Tamar Estuary by Morris et a!., (1982b) and Uncles et a/.,(1985). The 
salinity profiles indicated that there was little fluctuation within the upper 5-6 km of the 
Estuary, and there was little fluctuation in temperature within the upper estuary region. 
The axial profiles enabled the position of the sampling sites and the equipment needed for the 
different sites to be determined. Six vessels were anchored within the range o f migration o f 
the turbidity maximum, and the positions were chosen on straight reaches o f the estuary to 
enable detection of the longitudinal migration and minimsing cross-estuary variation whilst 
remaining logistically accessible and out of the main navigational channel for other vessels. 
The sites (Station I -6) for the vessels are shown in Figure 6.1, positioned from 3.0 km to 
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8.5 km. The axial profile salinity data indicated that there was no need to have salinity 
equipment on the boats above Station 4 since there was no fluctuation in salinity. 
Temperature equipment was also not required since the axial profile data indicated a 
temperature fluctuation of 15.5 to 16**C between the upper and middle estuary (0-18 km 
from the weir). 
The sampling frequency was based on the axial profiles and velocity data from previous 
hydrodynamic studies in the estuary. Park & James (1990) discuss a hydrodynamic survey in 
a partially stratified estuary to assess mass flux and mass transport mechanisms of salt and 
water, and suggest that a standard sampling rate is typically once every hour, but only a few 
studies have been conducted with sufficient spatial resolution to estimate longitudinal mass 
fluxes precisely. Since one of the main objectives of the tracing experiment was to establish 
the mass flux of tracer it was considered essential to have good spatial synoptic data with 
samples every 20 minutes. 
6.3 T R A C I N G E X P E R I M E N T 
6.3.1 Introduction 
The aim of the tracer experiment was to investigate sediment transport within the turbidity 
maximum during low summer freshwater discharge and spring tidal conditions in order to 
establish the particle retention within the maximum, excursion rate and investigate 
deposition, entrapment and erosion process. The study involved the injection o f the 
fluorescent tracer, with similar properties to the suspended particulate material found in the 
turbidity maximum, and monitoring its advection and dispersion over an ebb-flood tidal 
cycle and subsequent spring-neap cycle. Measurements were carried out at six sample sites, 
between 3 and 8.5 km from the upper tidal limit (Figure 6.1). 
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6.3.2 Field Equipment and Setup 
The main experimental fieldwork of the Tamar Estuary took place on the 26*^  June 1990. Six 
boats were moored in the positions predetermined by the axial studies (Figure 6.1) and each 
site was chosen to be on a straight section of the Estuary to minimise cross-sectional 
variation in circulation. The six moored vessels were supplemented with an additional boat, 
the Rotork Sea Truck, which traversed the Estuary in a supply and assistance capacity. This 
vessel undertook the tracer release at the location shown in Figure 6.1. 
Each of the stationary sampling vessels were supplied with equipment to measure water 
depth, current velocities and salinity and a simple pump system to collect water samples 
for tracer and SPM (Plate 6.1). Supplementary to this, four o f the boats had the 
added capacity of temperature measurement. Suspended sediment concentrations were 
measured later by gravimetric analysis, in the laboratory, of the water samples collected. The 
tracer particles were detected and counted per unit volume using APC as described in 
Section 4.4. 
The sampling equipment comprised a large flat disk weight attached to a rope with a current 
meter impeller 30 cm above. Immediately above the impeller was an inlet pipe for a small 
centrifugal bilge pump used to take water samples, and a T-S bridge (where appropriate). 
The sampling equipment was positioned so that the current meter was orientated 
approximately in the direction of main flow. The pump needed to be primed at all times. 
The equipment used during the day varied due to availability and the limitation of space and 
water depth, particularly at stations 1 and 2. The equipment used on each vessel is outlined 
in Table 6.1. 
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Station No. Position Equipment Deployed 
1 3.0 km Pump. Braystoke current meter and impeller 
2 3.7 km Pump, Brystoke current meter and impeller 
3 4.6 km Pump, Braystoke current meter and impeller, MC-5 T/S 
Bridge 
4 5.6 km Pump, Braystoke current meter and impeller, MC-5 T/S 
Bridge 
5 7.0 km Pump, MC-5 T/S Bridge, NBA DNC-3 current meter 
6 8.5 km Pump, MC-5 T/S Bridge, NBA DNC-3 current meter 
Tamaris Axial Survey Pump, Partech SPM, MC-5 T/S Bridge 
& Tracer Release 
Table 6.1: Equipment used on the 26^ ^ June 1990. 
Additional data was also collected at Stations 3 and 5 using a logging instrument package 
similar to that described by Uncles et al., (1989). The package comprised bottom-mounted 
sensors which monitored current, SPM concentration, salinity, conductivity, temperature and 
pressure (water depth) as functions of time at 0.25 m above the bed (Plate 6.2). The package 
was developed to study advective effects along the axis of the Estuary on a tidal cycle, and 
the spring-neap and seasonal variability, and was used during this study to provide additional 
data to correlate with the vertical profile and synoptic data from the fixed stations. The 
package was deployed to provide data over a spring-neap tide period to enable extrapolation 
of the detailed synoptic data. The sampling frequency was every 5 minutes and the sensors 
logged data for 5 days prior to the tracing study and for a subsequent 7 days after the study. 
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Plate 6.1 The tracer particle sampling pump system used on the Tamar Estuary 
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Plate 6.2 Deployment of the bottom-mounted logging mstrument package at Station 3 
on the Tamar Estuary 
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6.3.3 Field sampling methodology 
The sampling procedure commenced at 10.20 BST and finished at 20.40 enabling synoptic 
data collection over approximately a 10.5 hour period during peak ebb and flood tides. The 
sampling frequency was 20 minutes at each sampling station. Sampling and measurement 
look place at three depths (when water depth allowed) by raising and lowering the sampling 
equipment on the rope using depth graduations every 20 cm. The bottom sample was taken 
35 cm above the sediment bed by lowering the weight to the bed sediment and then raising it 
5 cm. This was to ensure that uniform sampling took place even with different operators and 
that the weight did not sink into the sediment bed causing variations in readings and high 
turbidities. Water depth, salinity, direction of current flow and velocity averaged over I 
minute at each depth were measured during the sampling period. Current velocity data was 
not measured at Stations I -4 at low water due to the shallow water depth, and also for this 
reason only one water sample was collected. The suspended solids and tracer concentration 
data was determined later in the laboratory. 
The injection o f tracer particles look place within the turbidity maximum region between 
approximately 09.45 and 10.00 during high-water slack of the spring tide. The time of high 
water at the head of the Estuary was approximately 09.30. The tracer release point was 
determined by a surface water axial profile, as described in section 6.3.2, from 5 km to I km 
from the freshwater weir in order to establish the location o f the turbidity maximum ( Figure 
6.1). The maximum was located between 1.9-2.3 km from the weir. 
The fluorescent tracer particles were mixed with estuarine water over a 30 minute period to 
enable equilibration of temperature, salinity and therefore density, in addition to surface 
charge (Plate 6.3). The mass of tracer injected comprised 44.5 kg mixed in a 1300 I estuarine 
mud, water and tracer slurry, approximately 6.3 x lO'* tracer particles were added creating a 
visible orange plume (Plate 6.4). The tracer injection boat was thoroughly washed within the 
tracer release area to remove any tracer contamination before returning down the estuary. 
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Plate 6.3 The tracer particles being mixed on the Tamar prior to injection 
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Plate 6.4 The Plume of tracer in the turbidity maximum of the Tamar Estuary 
immediately after injection. 
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On the day following the main experimental fieldwork (27/06/90) and one week later 
(03/07/90) axial surveys of the surface waters were carried out to collect discrete water 
samples along the Estuary in order to determine the distribution of tracer concentration 
relative to the location of the saline intrusion and the turbidity maximum. The sensor system 
and parameters measured were the same as for the axial surveys conducted on the 15"", IS"* 
and 22"'. 
The freshwater daily mean flow river discharge for the period I " June to 20* June ranged 
between 1.85-3.15 m^ s b u t rainfall on the 21" and 22"** June led to an increase in discharge 
on the 22""* to 10.3 m"' s"' which then decreased to 3.85 m* s' on the 26*^  and 27"^  o f June 
which was normal for the month (Bale et al.^ 1985). 
6.4 RESULTS - INSTANTANEOUS SYNOPTIC D A T A 
6.4.1 Salinity 
Salinity data, shown in Figure 6.8, was not measured at Stations I -3 since the preliminary 
surveys indicated no fluctuation in salinity in this section of the estuary. Station 4 showed 
only minimal variation from 0.5-1.4 ppt through the tidal cycle with no stratification 
measured between surface and bottom suggesting that the shallow water depth, which rose 
to a maximum al high water of 4.5m, was well mixed, At Station 5 a higher level o f vertical 
stratification was measured during high water with a salinity range from 1.5 to 5.5 ppt f rom 
surface to bottom respectively. A similar stratification pattern was observed at Station 6 with 
surface to bottom salinities ranging from 5.5 to 12 ppt. The stratification is present at high 
water at both Station 5 and 6, but commences to breakdown after 11.00, approximately 1.5 
hours after high water and the stratification has completely decayed by 12.00. These 
observations agree very closely with data presented by Barton (1992). 
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Figure 6.8 Instantaneous synoptic salinity data from Stations 4-6 on the 26th June. 
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On the flood tide there was no stratification observed at Station 4 and 6 as expected due to 
the vertically well-mixed nature of flood tides (Darbyshire & West, 1991; Barton, 1992) 
however at Station 5 during the first two hours after low water a well-mixed water column 
becomes stratified and remains so for the remainder o f the flood tide with surface salinity 
decreasing to less than 2 ppt. This was possibly due to the reversal of the flood tide in the 
surface waters. The current direction does show variation o f between 20-30* during this 
period indicating that any reversal is localised. The well-mixed water column seen at Station 
4 and 6 maintained well into the slack high water period with stratification forming from high 
water. 
6.4.2 Current Velocity 
The synoptic current velocity data is shown in Figure 6.9. There are two clear maxima of 
current velocity for the ebb and flood tides. Surface current velocities were generally higher 
than bottom current velocities at all stations due to riverine water close to the surface 
enhancing the surface current velocity, and sediment bed frictional effects reducing bottom 
currents. Ebb current velocities were consistently lower than the flood current velocities with 
peaks of 0.8 m s' on the ebb tide and between 1.0-1.2 m s*' on the flood tide. 
The ebb tide commenced approximately I hour after high water, however relatively low ebb 
velocities were measured for the first two hours with a small maximum at 11.00 at all 
Stations followed by a decrease in velocity until 12.00. This observation coincides with the 
salinity stratification breakdown described in Section 6.4.1 and was due to a density-driven 
up-estuary current close to the sediment bed which opposed the ebbing tide and which 
formed as a result of very strong vertical salinity stratification during the early ebb tide 
(Barton^ 1992) and the effects of tidal asymmetry. The existence of an up-estuary f low may 
have also enhanced the current velocities at the bed. 
159 
The current velocity begins to increase dramatically after the complete decay o f stratification 
at 12.00 and increases at all Stations to a second and larger maximum occurring between 
13.00-14.00 at HW+4-5. Station 4 exhibits a further maximum due to the position o f the boat 
being out o f the mainstream channel during the ebb tide (pers. comm boat Skipper) and 
indicating that the channel cross-secton at that station was decreasing significantly in 
response to the slow fall in water level as low-water slack approached. This further supports 
the significance o f the up-estuary current proposed by Barton (1992) and the breakdown of 
the salt intrusion (McCabe et ai^ 1992) on the current velocity and observations by both that 
the ebb tide current velocities decrease for a short period followed by a rapid acceleration 
after stratification breakdown. This rapid increase is enhanced by the up-estuary, density 
driven flow disappearing with the salinity breakdown.. During low tide conditions the 
shallow water depth enabled only one flow reading at Stations 1 to 3 which indicate a 
reasonably constant riverine flow from 15.00 onward. 
Low water was particularly brief as shown by the decrease in ebb currents and the 
subsequent rapid increase in flood current velocity at Stations 5 and 6. The frequency o f 
sampling however, every 20 minutes, did not pick up the tidal change in direction and 
velocity at all Stations, most notably Station 3. The commencement o f the flood tide, at 
15.20 approximately 8 hours af^er high water, indicates that the water column was vertically 
well-mixed as noted by Uncles et a!., (1991) and Darbyshire & West (1991) although 
surface current velocities are slightly higher at most Stations indicating some stratification 
however, as Barton (1992) suggests that single-point measurement can be influenced by 
vertical stratification whereas depth-mean values can indicate a different result. The main 
tidal surge occurred between 17.20 at Station 6 to 18.20 at Station 1, which is a distance of 
5.5 km indicating an average tidal propogation velocity of 1.53 m s '. The peak flood 
velocities occur approximately 40-60 minutes after the flood tide change. The depth-
averaged instantaneous current velocity data is described by Uncles ei a/,, (1991b) in more 
detail. 
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June. 
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6.4.3 SPM 
The synoptic turbidity data is shown in Figure 6.10. The turbidities on the flood tide were 
generally higher than the ebb, and higher at the bottom of the water column than at the 
surface. The data indicated a poor correlation between ebb current and suspended load for 
Stations 1-3 possibly due to prolonged slack conditions at high water which led to settling 
and consolidation of the SPM. There was a good correlation for Stations 5 and 6 with an 
observed lag of between 1.5 to 3 hours before an increase or maxima in current velocity led 
to an increase or maxima in turbidity. The lag on the flood tide was generally shorter with a 
range of 1.5 to 2.5 hours. This was due to higher flood velocities leading to a higher critical 
erosion shear stress and the existence of a mobile stock o f sediment deposited during the 
short period o f slack water which led to an availability of fine sediment for resuspension. 
The maxima of turbidity on the ebb tide ranged from 9 g l ' at Station 3 to 1.5 g l ' at Station 
6. The maxima at Stations 1 to 3 around 15.00 were due to the shallow water during low 
tidal conditions and the dominant riverine flow. The maxima of turbidity on the flood tide 
ranged from 26 g 1"' at Station 3, categorised as fluid mud, to 1.5 g l ' at Station 6 on the 
flood tide. Clearly high levels o f resuspension took place during the flood tide, but since the 
peak turbidities did not correlate at adjacent stations as the flood tide develops this suggests 
that the resuspension of mud only occurred within the local environs o f each station. The 
measured high concentrations were therefore a result of localised shear stress in response to 
local current velocities. This agrees with measurements made by McCabe et al., (1992) 
where flood tides resuspend any large floes which settled out during the ebb and during 
spring tides primary particles were eroded from the bed to form the bulk of floes. 
These measurements would appear to suggest that localised resuspension is a significant 
process in the formation and magnitude of a turbidity maximum relative to tidal pumping o f 
sediment. A net up-estuary migration of sediment may take place, but this data would 
suggest that the process may well be lengthy and possibly only occurring during spring flood 
tidal activity (Uncles & Stephens 1989, Banoneial.^ 1991 and Uncles e/a/., 1991b). 
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Figure 6.10 Instantaneous synoptic data from Stations 1-6 on the 26th June. 
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McCabe et ai, (1992) indicated that two size populations of floes occurred in the turbidity 
maximum even in energetic spring tide conditions with small floes transported up and down 
the estuary on the tide and larger floes which were deposited and hence undergo a more 
localised resuspension-deposition cycle with small scale transport. The high SPM 
measurements caused by local resuspension activity during this study may therefore mask any 
transport o f small floes which occurred with the advection o f the saline intrusion and the 
migration o f the turbidity maximum. 
The data indicate that some settling of suspended sediment does take place during slack 
water with SPM concentrations decreasing to between 0.3-0.6 g 1"' during low water and 
between 0.05-0.4 g T during high water. Uncles ei a/., (199ib) notes that flood currents 
decelerated slowly after maximum speed, and an extended period o f slow currents begins 
around high water leading to a tendency for water laden with suspended particulate to 
deposit particles on the sediment bed at the high water position. The concentration o f 
suspended sediment remaining in the water column at slack water confirms the existence o f 
two size populations, one which does not settle out, and a population which does settle out 
when the velocities decrease below approximately 0.2 m s' although the size spectra and 
settling velocity will be dynamic dependant on tidal state. 
The SPM measurements indicated a difference between surface and bottom concentration 
and between stations. The data showed a surface turbidity maximum migrated down-estuary 
with the ebb tide and back up-estuary with the flood tide which agreed with the axial profiles 
and a bottom maxima of turbidity behaved quite differently. The surface turbidity maximum 
was often associated with the freshwater-saline interface, whereas the bottom turbidity 
maximum remained within the centre of the surface turbidity location around Station 3 which 
further supports the existence o f a dual floe population. 
The bottom turbidity maximum, within the central section o f the upper estuary, may be fed 
during the ebb tide by upper estuary resuspension and density driven up-estuary currents due 
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to vertical stratification. As the ebb tide current velocities decrease close to low water the 
suspended sediment settles out leading to net sedimentation in the region. During the flood 
tide the recently settled sediment is resuspended, and the high concentration is therefore due to 
localised tidal resuspension with no significant net transport due to a resultant increase in 
flocculation and settling of the suspended sediment back to the bed. This agrees with the 
schematic representation o f resuspendable sediment mobility described by Morris et al., 
(1986), although the summer accumulating shoal shown is spread over a larger area (10 km) 
than this data would suggest. This data shows that during this study the central region 
around Station 3 was the main, even if temporary, storage area for the mobile stock o f fine 
sediment associated with the surface turbidity maximum. 
Uncles et al., (1991a) provide detailed interpretation of the depth averaged instantaneous 
SPM data. Uncles e/ al., note that the near-bed sensor instrumentation deployed prior to the 
tracing experiment confirmed the synoptic data measured at the six Stations. Peak flood 
conditions for current and SPM exceeded peak ebb conditions. The sensor package also 
detected a double-peak for flood SPM levels; the first peak was associated with the 
maximum flood current speed surging up-estuary and the second with the passage of the 
freshwater-saline interface. High SPM levels in the mid upper estuary which agreed with the 
synoptic data supported the accumulation of stock sediment in the vicinity o f Station 3. 
6.4.4 Tracer Particles 
Figure 6.1 1 shows the tracer concentrations at surface and bottom as a time-series for the 
ebb-flood tidal cycle. The tracer particle/estuarine water slurry was introduced at the start of 
the ebb tide at approximately 10.00. The tracer particles were advected down-estuary on the 
ebb tide as a very pronounced peak through each of the stations. Generally on the ebb tide 
the tracer was measured at the surface before the bottom samples, but the bottom samples, 
particularly at Stations 1, 3, 5 and 6 had higher tracer concentrations than at the surface. This 
suggests that the surface currents were flowing faster than the bottom and that tracer 
particles settled out during the overall transport down-estuary, agreeing with observations by 
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Uncles et al., (1987) and Stephens ei al., (1992). 
At Station I the tracer was detected at the surface (time 10.40) before the bottom (time 
11.00) indicating higher surface than bed level current velocities and the existence of horizontal 
stratification in the upper estuary at this stage of the ebb tide. The peak of tracer was 
detected at Station 1 at 1 1.20 . This coincided with a peak in current velocity, which was 
followed by a decrease in velocity until 12.00. This may have led to a rapid decline in the 
tracer concentration due to settling on the bed. At Station 2 the tracer also arrived at the 
surface (time 11.20) before the bottom (time 11.40). Stations 3-6 indicate the tracer arrived 
at the surface and bottom at the same time, so far as the frequency o f sampling indicates, 
highlighting the breakdown of stratification and a well mixed water column. The low tracer 
concentrations at Station 4 indicated the sampling vessel was out o f the mainstream flow and 
highlighted cross-estuarine variability. 
The leading edge of the tracer particles arrived at Station 6 at approximately 14.00 when the 
current velocity was 0.6 m s' and the trailing edge passed at 16.00 when the current velocity 
was 0.2 m s \ Based on the current velocities measured at Station 6 the advection of tracer 
particles would have continued for approximately 3.6 km beyond Station 6. The mobile 
vessel detected high concentrations of tracer 3.1 km down-estuary of Station 6 (a total 
migration of 11.1 km from the release site) immediately after slack water. Slack low water 
occurred at approximately 15.20 at Station 6 and tracer panicles were measured within 20 
minutes after slack water with a tracer concentration peak in less than I hour suggesting that 
tracer must have settled out on the sediment bed down-estuary of Station 6 approaching 
slack low water. 
The tracer peaks returned up-estuary on the flood tide to the vicinity o f the original injection 
site although the peaks were less pronounced. At Stations 1,3,4 and 5 the bottom samples 
measured higher tracer concentration. This was due to the erosion of tracer deposited on the 
sediment bed during the ebb tide or slack water. This was confirmed by the tracer particles 
measured at Station I and 6 where tracer particles were detected before the anticipated 
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return of the advected tracer peak since at Station 6 tracer advected down-estuary long 
before slack low water, but tracer was measured immediately the tide turned. At Station 1 
tracer was detected at 17.40, only 20 minutes after the commencement o f the flood tide at 
Station 6 indicating immediate resuspension of tracer from the sediment bed. Tracer arrived 
at Station 3 and 2 at 1900 and 19.40, respectively. 
Figure 6.11 also shows the spread of tracer at each Station between the leading and trailing 
edges o f the plume. The results show that the spread was generally lower during the ebb tide 
than the flood tide and the spread increased from Station I to 6 on the ebb tide and from 
Station 6 to I on the flood tide. The spread on the flood tide became large at Stations 2 to 4 
and spanned approximately 3.5 hours and the spread at Station 1 spanned over 5 hours. 
However, despite deposition and subsequent erosion of tracer from the bed the concentration 
of tracer at Station I remained low (less than 1000 particles per ml) until 19.00 indicating a 
continuous erosion of bed sediment and tracer for 80 minutes. 
At the start of the flood tide there was a strong correlation between the increase in turbidity 
and tracer concentration measured. At Station 6 the turbidity concentration increased 
simultaneously with the tracer resuspension at 18.20 which coincided with the start o f the 
flood tide suggesting that the tracer was part of a stock which had been recently deposited 
during slack high water and was eroded by the flood tide. Figure 6.10 indicated that SPM 
concentrations were dominated by localised resuspension at Stations whereas Figure 6.11 
indicated that the movement o f tracer was dominated by tidal advection implying that the 
tracer did not behave similarly to SPM. However as discussed in Section 6.4.3 the high SPM 
concentrations measured may well have masked the tidal advection o f a small floe size 
population on the ebb and flood tide. The tracer concentration measured visibly decreased 
over time from Station 1 to 6 on the ebb tide and then on the flood tide from Station 6 to 1. 
This suggested that large quantities of tracer was deposited on the bed possibly indicating the 
tracer was both behaving like the larger floes and undergoing deposition and erosion 
primarily in the upper estuary and a secondary size fraction was tidally advected. 
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6.4.5 Axial sur\'ey 27"" June 
An axial survey of the surface water, as described in Section 6.4.3, was carried out the 
following day (27/06/91). The results, given in Figure 6.12, indicated a large peak o f tracer 
particles situated 5 km downstream of the weir at a salinity of approximately 0.5 ppt and 
slightly down-estuary o f the turbidity maximum. The tracer having undergone 2 tidal cycles, 
had formed a more stable association with the natural suspended fine sediment. The tracer 
particles had also travelled further up-estuary than the original release site. This indicated 
that an up-estuary residual transport of tracer particles had occurred. 
6.4.6 Axia l sui^ ey 3"* July 
A further axial survey was carried out one week later (03/07/91). The surface waters were 
again sampled, this time during neap tidal conditions. The tidal range was only 2.3 m and 
because o f the slower tidal currents the turbidity maximum SPM concentrations increased to 
270 mg r' ( Figure 6.13) as compared with 700 mg I"' on the 27"^  June. The tracer particles 
were closely associated with the turbidity maximum and had a well-defined peak in the same 
position as the SPM peak. Both peaks were clearly associated with the head o f the saline 
intrusion at approximately 4 km downstream of the weir. Uncles et al. (1991), notes that the 
residual transport o f suspended sediment at neap tides is generally directed down-estuary and 
decreases in magnitude away from the head. Therefore sediment derived from the freshwater 
input was being deposited within the estuary. 
6.4.7 Summary of the synoptic tracer data 
Tracer particles were found to advect with the tidal currents and remained in the upper 
estuary primarily associated with the saline intrusion. Some particles were deposited on the 
inter-tidal mudflats in the upper reaches during the ebb tide and in the lower reaches at slack 
water with resuspension taking place on the flood tide. The freshwater residence time of the 
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Figure 6.12 Axial survey of the Tamar Estuary on the 27th June. 
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upper estuary and the turbidity maximum is approximately between 1-3 weeks during low 
runoff river conditions (Uncles ei a/., 1983). The tracer was detectable during the neap tide 
one week after the initial injection when, despite low rates o f resuspension o f bed sediment. 
This data indicated that the tracer particles had possibly become associated with the turbidity 
maximum and therefore the residence time could be substantially longer ranging from weeks 
to years (Bale ^ j / . , 1985; Dyer, 1989). 
6.5 D A T A I N T E R P R E T A T I O N A N D ANALYSIS 
6.5.1 Introduction 
In order to evaluate the instantaneous synoptic data to determine whether tracer did behave 
in a similar way to SPM and to establish the source of sediment, the cycle o f deposition and 
resuspension and particle residence time within the turbidity maximum it was necessary to 
interpret and analyse the data. Depth-averaged and tidally averaged data is presented in order 
to assess the residual movement of the tracer and sediment both spatially and temporally. 
There are two possible processes for the movement o f the tracer which are tidal advection 
with the migration of the saline intrusion or deposition-resuspension on a more localised 
scale. The data presented in Section 6.4 indicated that the tracer was advected down estuary 
and did undergo localised deposition on the ebb tide and resuspension on the flood tide. It is 
therefore necessary to quantify the magnitude o f each process. 
6.5.2 Advection of tracer with sniinity 
6.5.2.1 Measured against predicted advection results 
Figure 6.14 provides a visual interpretation of the depth-averaged observed arrival and 
leaving time of the tracer at each station, referred to as leading and trailing edge respectively, 
over the tidal cycle. The predicted times are also shown which were calculated from the 
depth averaged current velocity and averaged between two stations and weighted for the 
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proximity to each station. No calculated data is available for Station I on the ebb tide and 
Station 6 on the flood tide due to the lack of current velocity data immediately preceding 
each station. 
In all cases on the ebb tide the observed time span of the pulse (ie from the leading to the 
trailing edge) was longer than the predicted measurement from the current velocity due to 
extension o f the trailing edge since the observed leading edge agreed closely with the 
predicted. The pulse span increased from approximately Ihr 40 minutes at Station 1 to 2 
hours at Station 6 due to turbulent mixing. At all Stations on the ebb tide, excluding Station 
3, the leading edge for the observed was generally very close to the predicted. At Station 3 
the tracer was measured significantly in front of the calculated by approximately 30 minutes. 
This observed speeding up was due to the current velocity measurements indicating a 
decrease (Figure 6.9) to a minimum, occurring at 12.00, when the tracer actually arrived at 
Station 3. This suggests that the tracer in suspension continued to be advected at the same 
rate and the current velocity point measurements were not indicative of the mean velocity. 
This may be because of secondary flows around the bends in the estuary between Station 2 
and 3 ( Figure 6.1) with the current velocity speeding up around the bends on the outside 
advecting the tracer much more quickly. The predicted data was based on the current 
velocities measured at Station 2 and 3 which are both in a straight section o f the estuary 
where secondary flows would be less dominant due to the estuary being relatively well-mixed 
compared with the waters around a bend In addition i f settling of tracer took place at the 
leading edge of the pulse between Station I and 2, possibly because of the mid-estuary 
island, obstacles, disused boat quays, decreasing current velocity all setting up secondary 
flows and creating turbulent mixing, this would lead to a delayed arrival o f tracer at Station 2 
which would in turn lead to a predicted delay in the arrival o f tracer at Station 3. I f the mean 
current velocity was maintained and a decrease was in fact localised then this would further 
enhance the difference between the predicted and observed tracer arrival at Station 3. 
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The indication of the tracer being observed to arrive at each Station as predicted indicated 
that the transport processes were advective with a good correlation between current velocity 
and transport of tracer. The delay in the trailing edge and the extension of the pulse span 
indicated either that diffusion of the tracer took place or that settling and resuspension of the 
tracer occurred during the flux of tracer material due to secondar>' processes where localised 
horizontal and vertical variations in current velocity, turbulence, flocculaiion and shear stress 
led to differences in the actual movement of the tracer. 
The good correlation between the leading edge for the observed and predicted indicated that 
the current velocity measurements taken were a good indicator for the actual tracer 
advection. The extension of the trailing edge would be due to tracer in the leading edge or 
front of the pulse being affected by secondary flows including eddies, variations across a 
channel with speeding up around a bend on the outer edge and slowing on the inner edge and 
tracer being trapped in the lee of obstacles. As a result of this secondary flow the tracer may 
have settled out and been resuspended then re-joining the main flow once more. In addition 
turbulent mixing would cause a widening of the plume, with time, as the tracer pulse 
advected down the estuary. 
At the commencement of the flood tide the observed pulse is substantially shorter at Station 
6 than at the end of the ebb with an overall length of approximately 1 hour. This is due to the 
increased flow velocities during the flood tide resuspending material deposited around slack 
low water confirmed by the good correlation between turbidity and tracer concentration. The 
predicted against observed data indicates a close correlation at Station 5 for both the leading 
and trailing edge, but above Station 5 there is considerable variation. The observed against 
calculated data indicates a substantial extension of the pulse towards the trailing edge at 
Station 4. This was possibly due to tracer undergoing a series of deposition and resuspension 
cycles primarily due to a decreasing of the current velocity as the flood tide progresses and 
indicating that vertical and horizontal fluctuations in current velocity occurred enhanced by 
the position o f Station 4 out of the mainstream. 
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The span of pulse decreases slightly for Station 2 and 3 due to the decreasing current 
velocity; interestingly the observed data places the pulse ahead of the observed at both 
Stations. This again is due to the fluctuations in secodnary flows and the instantaneous 
current velocity data measurements. The observed trailing edge of tracer was never detected 
at Stations 1 to 3 due to the rapid decrease in current velocity and subsequent settling of 
tracer. 
At Station \ the leading edge was clearly ahead of the calculated advected tracer plume by 
approximately 1 hour and 40 minutes. This indicated erosion of tracer from the sediment bed 
due to increased current velocity associated with the tidal wave propogation which travelled 
up the estuary at the turn of the flood tide. The tracer was deposited during slack high water. 
The tide was estimated to have turned at Station 1 between 18.20 and I 8.40 although the 
shallow water prevented a current direction being taken until 18.40, however tracer was 
detected at 17.40 indicating erosion during the very end of what would be considered to be 
the ebb tide. 
The resuspension must therefore be a result of the advancing flood tide which actually 
commenced before measurement could take place or due to a change in turbulence and bed 
shear stress from the down-estuary riverine flow immediately prior to the flood tide starting. 
This data supports the idea that instantaneous current velocities are not very representative 
as discussed by Barton (1992). An additional consideration is an observation by Stephens et 
al., (1992) that the critical erosion shear stress of bed sediments increases progressing down-
estuary possibly indicating that this region o f the estuary is more susceptible to erosion. 
The data discussed indicates that the residual depth-averaged tracer was advected down and 
up-estuary with close correlation to the tidal cycle in the estuary and the saline intrusion. It is 
useful therefore to establish how close a correlation the tracer has to salinity by evaluating 
the dispersion coefficients for salinity and the diffusion coefficient o f the tracer. 
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6.5.2.2 Dispersion and diffusion coefficient equations 
Dyer (1973) provides an explanation and formula for the dispersion o f salinity and dye in an 
estuary and notes that in one-dimensional estuaries, where the distribution of parameters are 
in the x direction only, it is possible to determine the longitudinal advection of salt. However 
this does not allow for lateral or vertical variations in the mean flow. In a homogeneous 
estuary, dispersion can occur due to velocity shear caused by friction from the sediment bed 
leading to greater longitudinal adveciion at the surface than at the bottom and vertical eddy-
diffusion causing mixing throughout the water column. The equation for the coefficient of 
longitudinal dispersion K for salinity in well mixed and homogeneous estuaries is as follows; 
K =R.S/A6S/6x (6.1a) 
where can be calculated for any position in an estuary if the river flow (R), cross-sectional 
area (A) and the mean salinity (S) and salinity gradient with distance 6S/5x are known. 
The coefficient of longitudinal dispersion for tracer can be given by: 
K = R . T / A 6 T / 6 x (6.1b) 
where the mean tracer is T and 6T/5x is the tracer gradient with distance. 
The formula for dispersion of dye in a trapezoidal channel is also given in Dyer (1973) as; 
K =5.93 h U (6.2) 
where h is the depth of flow and U is the friction velocity. For a drag coefficient of 0.002, K, 
is given as; 
K =0 .26U.h (6.3) 
where U is the depth mean velocity. 
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Equations 5.1 and 5.3 were used to determine the dispersion coefficients of salinity in the 
upper estuary. The diffusion coefficient K for the tracer is given by: 
K , = a x ' / 2 t (6.4) 
where a, is the width of tracer peak at half-height, taken fi-om Figure 6.11, and t is the time 
interval. 
6.5.2.3 Results 
The results are shown in Table 6.2. No agreement is seen for any of the axial profiles due to 
lack of data points during an axial profile and in the upper reaches due to the variation in 
salinity as a result of each survey being undertaken during a different tidal state and range. In 
the upper saline limit of the estuary Equation 6.1 a is not very suitable due to the small 
variations in salinity at high water which makes the salinity gradient term (5s) tend to zero 
making the term invalid. 
The salinity dispersed at an average dispersion coefficient of 1.42 m's ' (SD 0.89) over the 
ebb and flood tide for Equation 6.3 with ebb and flood components o f 1.08 m's ' (SD 0.35) 
and 1.76 m's ' (SD 1.12). 
The tracer diffused at an average coefficient of 0.41 m" s"' (SD 0.21) over the tidal cycle for 
Equation 6.4 with ebb and flood components of 0.37 m's ' (SD 0.15) and 0.45 m ' s ' (SD 
0.25). 
The tracer also diffused at an average coefficient of 0.19 nV s ' (SD 0.23) over the tidal cycle 
for Equation 6.1 b with ebb and flood components of 0.31 m" s ' (SD 0.28) and 0.07 m's"' 
(SD 0.03). 
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Table 6.2: Results for the dispersion coefficient (K in m" s"') for salinity (averaged) 
during the preliminary and post axial profiles and the main study for tracer and 
salinity indicates which equation has been used for the calculation. Dispersion coefificients 
based on a gradient between two stations are shown between Station No. positions (1-6). No 
data was available at certain stations due to zero values or the survey ceasing before a 
station. 
179 
Clearly the data for salinity is not statistically good with large fluctuations in the data and 
considerable variations with the values quoted in Dyer (1973). The reasons why there may 
have been variation both in the actual values compared with other authors and the variance in 
these data possibly include not using the tidal mean salinity in equation 6.1a which seemed a 
reasonable assumption since the error should be slight over the period of data collection 
whether synoptic or axial survey. In addition the differences may be due to the cross-
sectional area term not being carefully determined for each data point (on the axial survey) or 
at each of the Stations. There was also no salinity data at Stations 1 -3 due to no salinity 
gradient being detected and therefore this reduces the ability to apply a gradient from the 
upper to lower estuary effectively. Lack of the salinity data at these Stations makes it 
impossible to compare the dispersion and diffusion of salinity and tracer respectively with one 
another during the initial stages of the tracer release. 
Further anomalies in the salinity data between the axial surveys and the main study are that 
the axial surveys are surface only whereas the main study data is depth-averaged. The wide 
variety in coefficients is due to the estuary not conforming with the assumptions made in the 
equations with the estuary comprising an irregular topography with large bends and 
variations in the channel cross-seciion causing secondary circulation. 
No conclusions can be drawn from this data other than the formula for dispersion and 
diffusion of salinity and tracer particles did not provide comparable data. The tracer clearly 
was advected with the saline intrusion, but the data presented here does not provide an 
accurate prediction o f the tracer movement. 
6.5.3 Equilibnum of (he tracer with the turbidity maximum 
Figures 6. i 5 and 6.16 show a longitudinal axial section from the synoptic surface water data 
collected at each Station at two specific time intervals o f 11.00 at the commencement o f the 
ebb tide and at 20.20 towards the end o f the flood tide. The data on the ebb tide indicated the 
saline intrusion limit was within the upper estuary upstream of Station 4, but due to having 
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no data salinity data from above Station 4 it was impossible to indicate the location o f the 
upper limit. The turbidity maximum rose to a concentration of approximately 400 mg 1"' at 
Station 1. The tracer was detected at the surface only at Station 1 at 11.00 am and therefore 
was just starting to be advected down estuary on the ebb tide. The data indicated that the 
tracer was released into the surface water turbidity maximum in the upper reaches o f the 
estuary. Previous data indicated that the tracer was advected down estuary whereas SPM 
behaves differently with more Icoalised deposition and resuspension processes being more 
important. The tracer became disassociated with the surface turbidity maximum during the 
period of the tidal cycle. 
Figure 6.16 indicated that the tracer maximum was associated with the surface turbidity 
maximum once more on the flood tide with peak tracer concentrations at Station 1 and peak 
turbidity at Station 1 rising to approximately 500 mg f' . This data suggests that even i f 
disassociation occurred between tracer and the surface turbidity maximum either side o f low 
water and during the peak ebb and flood tides the tracer becomes re-associated with the 
turbidity maximum at the end o f the flood tide. What this data does not indicate however is 
that the bottom turbidity maximum section is quite different with the peak turbidity occurring 
at Station 3 and decreasing towards Station 6 and Station I even though the decrease to 
Station is less significant. The bottom peak at Station 3 was 886 mg I ' whereas at Station 1 it 
was 660 mg 1*'. This indicates the problems of using surface profiles to establish the precise 
location o f the actual turbidity maximum within an estuary. 
The depth o f the sensing equipment used for a profile clearly dictates the turbidity maximum 
data obtained. The river flow and tidal conditions would also have an effect with the tidal 
range causing varying turbidity within the water column and spatially and temporally within 
the estuary. It is therefore difficult to determine whether dissassociation occurs for dissolved 
and soild phase pollutants. 
With respect to Figures 6.12 and 6.13, the fact that one was carried out on a spring tide 
(27/6) and the other on a neap tide (3/7) would lead to a significant difference in erosion and 
181 
4.00 ' Salinity 
° Tracer/100 
600 5 ^ 
Turbidity 500 a 5 
o a 
300 
0.00 ^ 
STATIOIM 
Figure 6,15 Longitudinal axial section, taken from the synoptic data, through Stations 1 -6 
showing salinity, tracer and turbidity on the ebb tide 11.00, 26th June. NOTE: 
Salinity data for Stations 1-3 were estimated tending to 0 ppt and freshwater. 
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Figure 6.16 Longitudinal axial section, taken from the synoptic data, through Stations 1 -6 
showing salinity, tracer and turbidity on the ebb tide 20.20, 26th June. 
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transport o f sediment and tracer, as shown by the decrease in concentration o f both on the 
neap tide. This makes the prediction of particle residence times in the turbidity maximum and 
the deposition-resuspension cycle of particles very difficult. It is not possible to conclude 
whether the tracer was in equilibrium with the turbidity maximum after 12 hours or 7 days 
from this data and additional data would be required in order to provide a definitive answer. 
Clearly the depth averaged residual tracer provides a more accurate picture o f the tracer 
transport, its association with the turbidity maximum and the overall migration vertically, 
spatially and temporally. The depth averaged data does not provide information on the 
vertical variance which may occur in the water column however. The reduced tidal range and 
current velocity on the neap tide led to a lower neap SPiVJ concentrations (Figure 6.13) 
which may have allowed the small floe distribution, of the two populations, described by 
McCabe ei ai, (1993) to be detected whereas during the spring tide this is not the case. A 
percentage o f the tracer may have been in equilibrium with the small floe population 
immediately after the tracer release, but spring conditions on the day masked this. 
Dyer (1989) notes that due to the long timescales involved in the response o f the sediment to 
the changing current pattem, it is unlikely that die turbidity maximum will reach a steady state 
distribution within the estuary as does salinity. In order to establish whether there was 
a dual population of tracer and that tracer was both advected with the saline intrusion and 
undergoing localised deposition and resuspension it is necessary to carry out further analysis 
of the data. 
6.5,4 Residual Transport Analysis of Current velocity, SPM and Tracer particles. 
6.5.4.1 Analysis equations 
A tidaily averaged evaluation of the suspended sediment concentration data was carried out; 
it is described in more detail in Uncles et al., (1991b). In addition the mass budget of the 
tracer particles through each section of the Estuary was determined by Marsh et a/., (1991). 
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T = ( 6 T /6x) (6.9) 
FC FM 
The residual tidally averaged rate of water transport per unit width is given by: 
<Q> = <HU> = <H>.(<U> •^  U^) = <H> (6.10) 
where U =<HU>/<H> (6.11) 
with U denoting the up-estuary water transport current and with the tilde ( - ) defining a 
* 
temporal deviation from the tidal average where: 
U = U - <U> and H = H - <H> (6.12) 
The instantaneous transport of suspended sediment per unit width is given by: 
Q^= FTUP (6.13) 
where P is SPM concentration and the residual transport per unit width, per unit tidally-
averaged depth is: 
G = < Q > / < H > = <HUP>/<H> = G + G G (6.14) 
L TP V 
The synoptic data is presented in Table 6.3; negative denotes up-estuary transport and 
positive is down-estuary transport. 
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6.5.4.2 Current velocity 
The depth averaged (overbar) and residual (lidally-averaged, < >) currents are <U>. The 
residua! current comprises an up-estuar>' water transport 'pumped' by a tidal wave, denoted 
as 0^, o f magnitude approximately 0.1 m s' and a down-estuary water transport o f fresh, 
riverine water in steady, laterally homogeneous conditions, denoted as 0^, also o f magnitude 
approximately 0.1 m s '. However, at Station 6 the current is up-stream which may have 
been due to up-estuary density-driven currents (Uncles ei a/., 1985). The summation o f the 
component currents to give the residual which is depth and tidally averaged (<U>) are 
topically down-estuary of magnitude 0.2 m s' at the four upper Stations and decreased at the 
lower Stations. 
6.5.4.4.Turbidity 
The SPM flux G is divided into three components Gv, GTP and GL comprising vertical shear 
transport Gv which is down-estuary and negligible except for Station 3 and 4 where localised 
resuspension, as described previously, had a significant effect. The tidal pumping of SPM 
given by G^, was directed up-estuary at all stations with a peak at Station 3, counterbalanced 
by down-estuary transport adveciion by the residual water transport component given by 
G^. The total residual flux term. G. for SPM is directed up-estuary at all stations excluding 
Station 4. This indicates that the dominant tidal pumping and transport o f SPM up-estuary 
was driven by tidal asymmetry. However there is a clear indication that high SPM due to tidal 
pumping creates localised resuspension and deposition indicated by the high SPM remaining 
within the vicinity of each Station. This is certainly the case for Station 3 where despite a 
high up-estuary tidal wave water transport (U ) the high SPM value at Station 3 is not seen 
at Station 2. The anomaly at Station 4 may have been due to the location o f the sampling 
vessel situated on the edge of the main channel, possibly experiencing return flows on the 
outer edge of the Estuary and influenced by circulation due to a large bend in the Estuary. 
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Table 6.3: Tidal average (<>) synthesis of longitudinal velocity (U). SPM (G) flux and 
tracer particle mass data (T) at Stations 1-6. See text for an explanation of the symbols. Up-
estuary is negative. Stations are listed as 1-6 followed by their distance from the weir (X in 
km) and their tidally averaged depths (<H>, in). 
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The tidally averaged data provides a clear summary of the components of current velocity 
and SPM. The data confirms thai despite the residual currents being down-estuary the total 
residual flux o f SPM, G, was directed up-estuary, which implies continuing transport of mud 
to the upper reaches. The residual flux was of the order of 1 -2% of the maximum 
instantaneous fluxes. The anomaly at Station 4 indicates that there is cross-sectional variation 
across the estuary. 
6.5.4.4 Tracer Particles 
The fluorescent tracer panicle mass transport, defined as the total number of particles 
passing through a Station, are presented for the ebb tide (T ) and flood tide (T ) 
components and the residual tracer mass (T^ ) in addition to the mass gradients between 
Stations 1 to 6 and 6 to 1 respectively for the ebb (T^^) and flood tide C^^J- Figure 6.17 
indicates the results of the tracer mass and gradients. The total number of tracer particles 
added intially was 6.3 x lO" and at Station 1, 4.8 x lO'* were measured indicating a loss 
between the release point and Station 1, a distance o f approximately 1 km, that 25% o f the 
tracer remained in the upper estuary. The low current velocity conditions at slack high water, 
and high SPM concentrations would create conditions where significant flocculation and 
settling out could occur. There is also a significant loss between Stations 1 and 2, of 
approximately 78% of the value at Station I . Higher mass measurements at Stations 3 and 5 
suggest that the sampling frequency was insufficient and that the peak of tracer was missed. 
The ebb masses for Stations 2 to 6 average approximately 1.0x10'* which is 20% of the 
value measured at Station 1 and 15% of the total tracer particles added. 
On the flood tide the tracer mass values (T^^) range from 0.8 -16.9 x !0 ' \ with an average o f 
7.8 X lO" which indicates minimal loss between the ebb and flood tide at the lower Stations. 
Station 5 records the highest tracer mass for the ebb (excluding Station 1) and flood tides 
indicating that the sampling point was central to the main flow and that the estuary was well 
mixed at this point with little cross-sectional variation or stratification. At other Stations, 
particularly Station 4 the position of the sampling point was clearly offset from the mainflow. 
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A substantial loss between Station land 2 highlighted by the ebb mass gradient figures 
(Table 6.3) suggests that a large proportion of the tracer settled out to the bed. This 
reinforces the observation of tracer particles eroding and being delected at Station \ with 
entrapment on the mudflats at high water (Uncles a/., 1991b). The breakdown of up-
estuary density driven currents and a decrease in current velocity between the tracer peak 
arriving at Station 1 and 2 may have created conditions for settling with continued up-esiuar>' 
transport close to the bed around Station 1. The rising flood tide rapidly submerged the 
mudflats and caused resuspension and up-estuary transport of the tracer particles although 
there is not a noticeable increase in the flood-tide mass budget at Station 1. The average 
mass remained fairly constant between Station 2 to 6 which suggests that the majority o f 
material that was in suspension ai Station 2 remained in suspension for the ebb tide and 
subsequent flood tide. This may support observations by McCabe et ai, (1993) that a dual 
size population exists the largest of which undergoes continual recycling from bed to 
suspension and back and the remainder which slays in continuous suspension. 
The mass gradient T^^ loss between Station 5 and 6 may be due to a decrease in current 
velocities approaching low water slack and as a result of high localised SPM large amounts 
of tracer settled out. On the commencement o f the flood tide a mirror image is almost 
created indicating that all the material that settled out during the ebb tide was remobilised on 
the flood tide. The mirror image can clearly be seen by the close proximity of the ebb and 
flood mass gradient values between Stations 4 and 5. 
The high tracer mass at Station 5 on the flood supports the initial high mass measured on the 
ebb tide further indicating the errors associated with Stations 2 to 4 on the ebb tide. The 
mass for the ebb and flood at Station 5 are 16.4 x lO" down-estuary on the ebb tide and 16.9 
X lO'^ on the flood tide. This indicates there was no loss between these Stations or 
downstream of Station 6 despite the significant migration o f approximately 3.5 km beyond 
Station 6. Exchange obviously did occur, but the high flood current velocities led to a 
complete resuspension of material. Despite erosion of tracer at Station 1 prior to the arrival 
of the main advected pulse the tracer mass at Station 1 remained low. This was partially due 
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to the rapid decrease in the flow close to high water slack and the possibility of large 
amounts o f tracer being deposited on the mudflats resuspension was slow and around the 
high water mark. Mixing in the shallower waters on the mudflats may have been insufficient 
to ensure tracer detection in the centre o f the estuary at that point. 
A net loss to the bed clearly took place up-estuary and in close proximity to Station 1. The 
weak current velocities associated with high-water slack do not appear to have been 
sufficient to erode the material from the bed back into suspension. Approximately 75% o f the 
tracer added reached Station 1 and a maximum of 25% reached Station 2 and beyond. The 
mass o f tracer that returned to Station I , including material clearly eroded from the bed prior 
to the arrival o f the advected pulse, was approximately 6%. Therefore a loss o f 20% took 
place between Station 5 and 1 on the flood tide primarily due to decreasing tidal currents and 
high SPM leading to flocculation and settling. A steady decrease in mass from Station 4 to 1 
on the flood would suggest a gradual deposition of material along the length of the upper 
estuary. 
6.5.4.5 Summary 
Relative to the ebb transport of particles at Station 1 the tidal sum at each of the lower 
Stations was very small, implying that most o f the particles remained in the upper estuary. 
The fact that the ebb numbers did not decrease monotonically indicated the existence o f 
sampling errors. The residual flux o f SPM, G, was generally up-estuary, implying continued 
transport o f fine sediment to the upper reaches whereas the residual numbers o f tracer 
particles passing a Station cross-section were relatively small compared with the total tracer 
particles released. 
In contrast to the residual SPM flux up-estuary, the residual transport of tracer was down 
estuary for one tidal cycle, and therefore the SPM and tracer responded in a different way to 
the tidal processes o f erosion, transport and deposition. The significant loss of tracer between 
Station 1 and 2 on the ebb tide indicates a substantial deposition of tracer to the sedimeni bed 
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implying most o f the tracer remained in the upper estuary. In addition, the fact that the ebb 
tracer concentrations did not decrease monotonically indicated that the frequency o f sampling 
led to errors in the measurement o f tracer; for example the tracer concentration at Station 5 
was higher than Station 2,3 and 4 suggesting that the peak o f the tracer was missed at these 
latter stations or the estuary at these points was not cross-sectionally uniform. 
The residual tracer mass data (T ) indicates on the whole a significant down-estuary flux 
between Station 1 and 2. 
6.5.5 Tracer particle residence time 
Figure 6.18 provides an estimate of the particle resistence time of the added fluorescent 
particles shown by the log o f tidal events versus log o f tracer concentration. The particle 
resistence time is defined as the number of particles inside the volume divided by the number 
leaving per unit time. The time for the added tracer mass to reduce to 1/e o f the original 
value is a measure of particle retention time and is known as the e-folding time. The e-folding 
time for these data is approximately 16-18 hours, i.e during the subsequent ebb tide 
immediately after the study. 
I f it is assumed that the tracer mass measured on the ebb tide represents 100% of the 
fluorescent particles added then after the flood tide 45% was detected. On the following day, 
27*June, 7% was detected and 1 week later on the 3"" July, 0.05% was detected. 
This estimated decay does not agree closely with observations by (Readman et al., 1982; 
Bale ef al., 1985; Dyer, 1989) that some particles wil l be retained for long periods estimated 
to be months to years. However, from previous data presented the particles were clearly 
retained within the upper estuary and it appears that only a small proportion were detected 
even on the first ebb tide with approximately 35% of the material added being detected on 
the ebb tide. A large proportion of the tracer particles were retained within the upper estuary 
possibly for an indefinite period particularly i f there was insufficient bed shear stress to erode 
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Figure 6.18 Estimate of the tracer particle residence time in the turbidity maximum based on 
the number of tidal cycles elapsed from the first ebb tide when the tracer was 
released on the 26* June versus tracer mass (total number of tracer particles). A, 
B. C and D denote the first (26*^  June ebb) second (26*^  June flood) fourth (27* 
June) and fourteenth (3"* July) tidal cycles respectively. 
193 
the particles. The material that remained in suspension and advecled with the tide however, 
appears on the whole to have returned. Deposition resuspension cycles in addition to 
sampling frequency and methodology (particulary during axial profiles), may account for a 
significant proportion of the loss. 
The axial profile on the 3"* July indicates lower SPM and tracer particle concentration 
associated with neap tide conditions. This suggests that insufficient resuspension of tracer 
and entrainment into surface waters led to a lower concentration being measured. This data 
does not therefore indicate that there was a loss of tracer down-estuary, but lack o f data does 
not allow an accurate prediction of particle retention. 
It is possible to summarise that a significant proportion of tracer particles remained close to 
the introduction site in the upper estuar>' indefinitely or until increased river flow, possibly in 
the winter months, scoured and eroded the material ofl*the bed. This material may then be 
relocated in the middle estuary followed by gradual up-estuary tidal transport due to tidal 
pumping. The smaller fine particle fraction which was advected with the saline limit during 
the study appears to have remained in suspension during spring tide conditions, but not neap. 
There is no indication that tracer was flushed out of the estuary since between stations 2 to 6 
on the ebb and 6 to 2 on the flood there was almost a mirror image implying minimal losses. 
The tracer particle residence time could therefore indeed be months. 
6.5.6 Sediment Particle Residence Time 
The tracer particle data indicates substantial retention of material in the upper estuary. In the 
case of sediment it appears that i f introduced at a point in the upper estuary it will remain 
there and be deposited on the bed. Sediment entering the estuary from the river or similar 
fluvial input wil l be deposited on the bed when the turbulence and shear stress are such that 
settling and deposition takes place. Sediment already in the upper estuary will be eroded, 
resuspended and transported in two ways; either by bulk transport and saltation in high 
energy activity and usually associated with the larger particles and floes or by localised 
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resuspension of the finer material, the former lends to be localised even with relatively fine 
grains whereas the latter may be over a distance of several kilometres 
Clearly the overall indication is that sediment is advected up-estuary by tidal pumping and 
that redistrubution of upper estuary sediments takes place to create a mobile stock of SPM. 
The retention of sediment in the upper estuary is indicated and several mechanisms act to 
maintain these maxima of turbidity whether at surface water or bed sediment level. 
Sediment on the whole, and specifically fine cohesive sediment, is retained in the upper 
estuary. What is not clear however is for how long, although it appears to be more than 1 
week and is therefore longer than the freshwater residence time. 
6.6 S U M M A R Y 
Fluorescent particles introduced into the upper reaches o f the Tamar Estuary were seen to be 
advected down and back up estuary on the ebb and flood time through established sampling 
stations. There was a strong correlation of this advection with the migration o f the saline 
limit. 
The Tamar Estuary has a flood dominant tidal regime which leads to a residual up-estuary 
transport of sediment, however the data indicates a more localised maximum associated with 
the bed sediments and formation of a mobile stock. 
Stratification of the water column at the commencement of the ebb tide minimised mixing of 
the released tracer particles with an up-estuarine bed level current and down-estuarine 
surface water current. This was maintained long after the extended period o f slack high 
water and well into the ebb tide. As the ebb tide commenced, the water column became 
more homgeneous and peaks in current velocity were followed by peaks in SPM 
concentration 1-1.5 hours later. Slack low water was extremely short (less than 30 minutes), 
followed by a rapid increase in curent velocity and SPM concentration. 
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Approximately 65% o f the released tracer remained close to the release point and deposition 
took place close to the high water mark. Significant deposition also took place close to the 
high water mark. Significant deposition also took place in between the two uppermost 
sampling stations and on commencement o f the flood tide this was re-eroded and measured 
in the water column.. 
Two tracer particles populations exised during the study; one which remained permanently 
in suspension and advected with the saline intrusion and the other which settled out and 
remained deposited. High bed sediment SPM concentrations in localised areas masked the 
ability to assess whether the tracer and sediment in suspension were associated with salinity. 
The tracer particles clearly become associated with the suspended particulate material after a 
few days however the data also indicates that this took place within a few hours during the 
main study. 
The tracer particles deposited on the bed are estimated to have an indefinite residence time 
since increase shear stress from high seasonal river flow would be the prime mechanism for 
erosion. The tracer particles which remained in suspension during the main study appeared 
to have settled out on a neap tide. Up-estuarine tidal pumping o f sediment, particularly on 
spring tides, and the existence of localised maxima of turbidity at bed sediment level woud 
indicate a substantial retention of sediment, particularly fme cohesive sediment, and 
associated pollutants. Over a long period this would lead to a net accumulation over a period 
of low river flow which may disrupt these processes. 
The residence time o f sediment in the upper estuary is estimated to be between weeks to 
months i f not substantially longer. The SPM in the upper estuary is therefore not necessarily 
associated with a single turbidity maximum which migrates with the saline intrusion, but 
rather a series o f maxima temporally and spatially dependant on tidal range, and comprising 
of varying particle populations. 
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7.0 C O N C L U S I O N S AND F U R T H E R R E C O M M E N D A T I O N S 
7.1 CONCLUSIONS 
An understanding of fine cohesive sediment transport is important in all aquatic 
environments in order to predict changes in the sediment balance and fate of adsorbed 
pollutants. In many aquatic environments, including a tidal estuary and shallow lake, there is 
often a size fraction of fine cohesive sediment which undergoes repetitive erosion and 
advection transport by flocculation and deposition. 
The study of fine cohesive sediment transport has been carried out on several occasions using 
both natural, chemical and water soluble dye tracers in order to determine water circulation 
and predict the movement of this sediment which predominantly remains in suspension for 
long periods. The development and field testing of a fine cohesive sediment particle tracing 
technique is described which enables the actual measurement of particle dynamics. Particle 
transport is not a function of the same processes as water circulation and therefore it is 
imperative that the movement of particles and particle residence time be measured directly. 
The use of particle tracers provides a pragmatic approach to evaluating the flow conditions 
and sediment transport mechanisms that occur after the introduction of the tracer in addition 
to mass budget calculations. The particle tracers also enable the precise determination of 
whether a specific site acts as a sink or source for contaminants and over what timescales. 
In order to develop an analogue of fine sediment it was necessary to establish the physical 
properties of the sediment. The size, surface charge, density and settling properties of the 
natural sediment from the upper reaches of the Tamar Estuary was determined with close 
correlation to observations from previous studies and authors. The natural sediment analysed 
was collected from the banks of the estuary and was assumed to represent material 
periodically resuspended on the flood tide and deposited on the ebb tide. The size ranged 
from 3 to 30 ^m with a mean of 10.2 fam, the density was between 1.1-1.4 g cm"' and surface 
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charge from -3.4 to -4.7 x 10 m" s' v '. The settling velocity al 1 g f concentrations and at 
salinity o f 1 ppl vvas 0.5 mm s*'. 
Studies were carried out to passively and actively adsorb a range of fluorescent dyes to the 
surface of the natural sediment with little or no success and as a result artificial fluorescent 
particles were examined. An artificial particle was found with similar size spectrum and 
density although the range of surface charge was slightly lower. When mixed with natural 
sediment the settling velocity of the floe decreased to 0.3 mm s-1 at I g 1-1 concentration and 
salinity of 1 ppt. 
An analytical flow cytometer (AFC) was used to assess the detectability of the artificial 
particles initially in water and subsequently in varying concentrations of estuarine sediment. 
A calibration curve o f measured versus expected (determined from particle counter 
instument) particle counts was determined indicating a close correlation and a high 
detectability of approximately 1 artificial particle to 5000 sediment particles. The AFC was 
fine tuned to the optimum fluorescent wavelength and from a range of different coloured 
artificial particles orange was chosen as the most suitable for detection, cost and proximity to 
the peak spectra of AFC laser source. 
A preliminary study using the orange artificial particles was carried out in a disused china 
clay pit. Analysis o f the samples indicated dispersal of the particles over a wide area. The 
samples were analysed again after 3 months to check for stability. The results indicated that 
the tracer was stable and the sample storage method preserved the sample. 
The fluorescent particles were considered to be analogues of the natural sediment particles 
analysed and it was decided that further field experiments would rigourously test the 
procedures developed for detecting the tracer and enable the sediment dynamics to be 
determined at the study sites. 
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Although initially the objective of this research was to develop and test a particle tracing 
technique for the study of sediment dynamics in estuaries, it was considered essential to cany 
out a preliminary field test in a less dynamic environment, and ideally without the variability 
of a tide. 
A preliminary study was carried out in a eutrophic shallow lake, Loe Pool. Loe Pool has a 
significant allochthonous influx of sediment and several previous studies have indicated the 
sediments act as an effective sink for nutrients and pollutants with turbulent mixing 
regulating release back into the water column. The water circulation in the lake is 
predominantly wind-wave and wind-current induced since river discharge is minimal. 
Internal loading of the lake with nutrients and pollutants mainly originates from Helston 
Sewage Treatment Works where 92% of the total phosphorous is sourced, with only 26% of 
the total inflowing phosporous actually leaving the lake. 
ArtificiaJ fluorescent particles were released in to the inflowing river in order to assess the 
transport of the suspended particulate material of the river. Bed sediment samples were taken 
for analysis. High concentrations of tracer particles occured within 150-225 m from the 
injection site. There was a significant spatial variation for the size range of particles with the 
smallest particles travelling the furthest distance from the injection site. A budget of recovered 
tracer particles showed that approximately 90% by weight were found in the northern area and 
therefore i f the particles are considered to be analogous to natural suspended sediment then 
90% of the inflowing sediment will also be deposited in this area I f this sediment has 
pollutants and nutrients adsorbed on to the surface then this area will inevitably become 
intemally loaded. 
The diffusion and transport o f tracer from the input point was evaluated using a depth-
averaged numerical model to predict wind-driven circulation. During a northerly wind the 
circulation in the area of maximum tracer concentration measured comprises a single 
circulatory gyre. The wind during the initial period immediately after the tracer release was 
from the east and the tracer maxima were closely associated with the centres o f the two 
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gyres, suggesting that the lake hydrodynamics controlled the transport and deposition of the 
tracer particles. The wind-wave action in this region, despite the water depth being generally 
less than 2 m, was negligible even during maximum fetch conditions of a south westerly 
wind. 
The bed shear stress created by the wind-driven circulation or waves was not sufficiently 
large to cause erosion and secondary redistrubution of the tracer. Therefore suspended 
sediments entering the shaJlow northern region, under low river flow conditions, would tend 
to enter into the main wind-driven gyre to be recirculated in either a clockwise or an anti-
clockwise direction (depending on the wind direction), until settling out. Limited 
entrainment occurs into the smaller, most secondary gyres, but the data shows that almost 
75% of the tracer particles would have remained there until buried or consolidated by 
overlying sediment, or resuspended under wave activity form strong southwesterly winds. 
The circulation model suggests that the majority of resuspended sediment particles wil l 
remain in the shallower norther region. 
With every subsequent storm event mainly from the southwest, the water column would be 
consistently reloaded by the polluted sediment. This would cause a considerable increase in 
the nutrient levels after a wind event, leading to an algal bloom and increase nutrient 
concentrations. 
With the increased confidence gained from the lake study tracer was released into the upper 
reaches o f the Tamar Estuary at the commencement of an ebb tide and slack high water. Six 
stationary sampling points were moored axially along the estuary and synoptic current 
velocity, salinity and water depth were measured in addition to water samples for SPM and 
tracer (both determined in the laboratory). 
Tracer particles were advected down-estuary on the ebb tide, after the initial stratification of 
flow had broken down and were advected up-estuary on the flood tide. There was a strong 
correlation between this advection and the migration of the saline limit. The increase in SPM 
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lagged the increase in current velocity by 1-2 hours. There was a clear flood dominance in 
the estuary with the highest current velocity and SPM concentrations occuring on the flood 
tide. 
The residual transport of SPM was up-estuary, a function of tidal-pumping, however the data 
indicates a more localised maxima associated with the bed sediment and formation of a 
mobile stock. The residua! transport of tracer was down-estuary however, this was due to 
the available synoptic data indicating a net loss between Stations 1 and 2 to the sediment bed. 
Approximately 65% of the tracer particles added never arrived at Station I and therefore 
must have been deposited during the high slack water period. Below Station 2 there was 
negligible loss between the ebb and flood tide indicating the tracer deposition was a function of 
die residua] transport between Stations 1 and 2. 
In addition, the proportion of trace material advected with the saline intrusion migration was 
small relative to the initial quantity added and possibly represented the fine particle size range. 
A dual population of size therefore appears to exist in the upper estuary. The small size floes, 
advected with the saline limit, underwent a certain degree of deposition and resuspension due 
to variations in secondary flow, turbulent mixing and shear stress, but a large number remained 
in suspension. The larger floes were deposited and remained on the bed for sustained periods 
and eroded only during high energy activity including peak spring flood tides and high river 
flow conditions. This leads to a more localised deposition-resuspension cycle as seen at 
Station 3. 
The tracer particles in suspension clearly underwent cycles of resuspension and deposition 
due to secondary flow and did not appear to behave similarly to the saline limit in this 
respect. The dispersion and diffusion coefficients for salt and tracer particles respectively did 
not appear to have a close correlation. The tracer particles did become associated with the 
SPM in the estuary and were retained within the upper reaches o f the estuary with virtually 
no loss below Station 6 during slack low water. The tracer particles remained in the upper 
reaches for a minimum of I week and SPM concentrations were substantially less. This 
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indicates that the particles were retained within the turbidity maximum significantly longer 
than the fresh water residence time. 
It is clear f rom this study that a substantial influx o f sediment particulate into the upper 
estuary is retained within the upper estuary and i f this sediment has a high pollutant content 
associated with it accumulation will take place. A proportion of the particulate will be 
deposited on the sediment bed and remain there for long periods with periodic resuspension 
during high energy activity. The remainder will be advected down and up estuary indefinitely 
undergoing repetitive cycles of deposition and resuspension both spatially and temporally. 
This will lead to an overall accumulation of sediment and pollutants into a sediment bed level 
maximum or maxima maintained by tidally induced resuspension, gravitational circulation and 
tidal asymmetry. 
The particle residence time, based on this data could therefore range from weeks to months 
given the cyclic nature of the spring-neap cycles. Unfortunately insufficient sampling was 
carried out of successive tidal cycles and hence the data was not available to determine this 
more accurately. The data does demonstrate the dynamic and complex nature of the estuary. 
Clearly the technique presented here offered for the first time an ability to accurately trace 
fine cohesive sediment transport for material which is permanently in suspension or in a 
constant flux o f deposition and resuspension. The rapid detection system offered by the 
AFC, the detectability of the tracer particles and the ease of use ensure that this technique 
can offer a great deal to enhance the understanding of the sediment balance, pollutant 
transport and sediment dynamics in many aquatic environments, 
7.2 FUTURE RECOiMiVIENDATIONS 
This research provides data on the initial feasibility of using artificial fluorescent resin 
particles for fine cohesive sediment transport studies. A great deal has been learned from this 
research and despite advances in the technique and initial use in field environments several 
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areas require further research. 
(i) A more detailed evaluation of the tracer particles and the physical properties o f both 
the tracer and natural sediment particles in different aquatic environments. 
(ii) An examination of the surface chemistry, charge and structural properties of natural 
sediment particles in order to assess how the passive or active adsorption of fluorescent 
dyes may be improved. The requirement for high surface coverage, for detection, may 
make this difficult to achieve however. 
(iii) To develop an in-situ detection system which will enable synoptic real-time data to be 
collected particularly in dynamic environments including estuaries. 
(iv) A more detailed study of wind-driven circulation, wave erosion or tidal resuspension 
of bed sediment in shallow waters in order to assess precisely when, or under which 
conditions, the release of bed sediment or associated pollutants take place. 
(v) With respect to estuarine study in order to address the areas o f research requiring 
further examination (section 6.1.4), it is necessary to increase the frequency o f 
sampling from 20 to 5 minutes, particulary at peak current velocities. In addition, an 
increase in the cross-channel sampling and sampling over a greater range o f distance 
and time over a period of weeks to months after the release o f both the surface and 
bottom water column and bed sediment would be very informative. The availability 
of an in-situ detector could however assist in the spatial and temporal data 
acquisition. 
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ABSTRACT 
A tracer particle experiment was undertaken in Loe PooL a small, shallow lake 
in south-west England (SO'^'l'N, 5*17'W). The tracer particles were injected into 
the main river inflow of the lake. High concentrations of tracer particles were 
deposited within two well defined maxima in the northern region of the lake; a 
budget of the tracer showed that approximately 90% by weight was recovered 
in this area. The pattern of tracer particle deposition obser\'ed during the 
experiment was interpreted using a depth-averaged hydrodynamic model of the 
wind-driven circulation within the lake. The model was run for the duration of 
the tracer experiment using measured wind speed and direction data; the winds 
were predominanliy f rom the east and north during the first few days after 
injection of the tracer particles. The numerical model showed that the depth-
averaged, wind-driven velocities in the lake were typically of the order of 0.1 
m s"' and that the winds set up a flow which generated a large gyre to the south-
west of the river mouth. The centre of this gyre corresponded with the location 
of the tracer panicle maximum in the bed sediment. The secondary tracer 
particle maximum in the northern area corresponded to a region of very slack 
currents to the south-east of the river mouth. Wave-induced stresses increased 
with wind speed during the few days following injection but never exceeded 0.2 
Pa in the area of maximum concentration in the northern region or 0.4 Pa in 
the area of secondary concentration maximum. Remobilizaiion of the tracer was 
unlikely at these stresses. 
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INTRODUCTION 
There is a growing awareness of the role thai sediments play in pollutant transport 
dynamics and eutrophication within lakes (Michler ei al.. 1980; Vass, 19S0; Zullig, 
1982; Buffle ei al., 1987; U m m i n and Imboden. 19S7; Salomons ei al., 1987). A n 
ability to predict cohesive sediment transport within lacustrine waters is, therefore, 
of great importance, both economically and ecologically. Unfortunately, the proces-
ses that influence lake sediment dynamics—for example, deposition, consolidation, 
erosion and subsequent transport—are at present only partially understood. 
The purpose of this chapter is to present results of a particle tracing experiment in 
Loe Pool, a small, shallow lake in south-west England (50''4'N. 5°17'\V. Figure 10.1). 
South-We si 
England 
R.Cober 
Huofesceni 
particle i 
iniroductiom 
Loe. Pool 
key 
2- Depth in metres 
Aa Tfisponder site 
Figure 10.1 Location of Loe Pool and a chart of the bathymetry giving depths in metres. 
The injection site within the River Cober is shown, together with the locations of the 
positional irisponders (a, b, c) 
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A comprehensive e.vaminaiion of the lake sediments (O Sulli\'«nn. Coard and Picker-
ing 1982; Coard, 1987; Pickering. 19S7; Coard. 1987) indicates that Loe Pool has 
become increasingly eutrophic throufihou{ ihc 20lh century due lo nutrieni enrich-
ment, particularly from agricultural and sewage waste (O'Suliivan. 1990). Nutrients 
are adsorbed within the bed sediment due to the high adsorpitve capacity of the 
cohesive sediment, and are remobilizcd during storm events (Ryding and Forsberg. 
1977; Gelcncser et al.. I9S2; Ryding and Forsberg, 1977; Lueitich. Harlemann and 
Somlyody. 1990). Reynolds (1979) has suggested thai algal blooms often follow a 
period of windy weather; it is a reasonable hypothesis that the nuisance algal blooms 
experienced in Loe Pool since 196S are related to wind-induced rcsuspension of 
nutrient-rich bed sediment. 
STUDY SITE 
Loe Pool is a shallow, cutrophic. freshwater coastal lake on the south coast of 
Cornwall, south-west England (Figure 10.1). The surface area of the lake is approxi-
mately 5.8 X 10'' ni" and the average depth is 3.3 m. During this study the average 
depth was 3.6 m and the lake volume was 2.1 x 10^ m \ The shallowness of the lake 
in conjunction with wind-induced mixing prevents prolonged thermal stratification. 
The bathymetry of Loe Pool is such that bed slopes are of low gradient (Figure 
10.1), whereas the hills surrounding the pool are sleep in places, rising to 60-70 m. 
This suggests that Loe Pool was originally a deep lake with steep sides and that it has 
infilled with both marine and fluvial sediments. In the upper basin, deltaic deposits 
occur a! the river mouth. There is an increase in depth with distance from the river 
mouth, to a maximum of 10 m immediately north of Loe Bar. 
The lake catchment is drained by three main rivers of which the River Cober drains 
73% and provides 93% of the water entering ihc lake. The average rate of flow of 
the Cober between 1972 and 1988 was 1.0 nv^  s"*. The residence lime of the lake 
waters (defined as the lake volume divided by the rate of river inflow assuming 
complete mixing) varies from a minimum of eight days during winter to a maximum 
of 150 days during summer. 
The lake bed surface consists of a 0.2-0.6 m layer of unconsolidated brown, 
intermiuenily laminated, highly bioturbated sediment. It is a highly organic gylija, 
with light and dark brown laminations just below the surface (top 0-0.05 m). The 
density is 1.1-L2 x 10^  kg m ' ^ , with a water content of 80-90%. The sedimentation 
rate is 1 kg m " ' y r " ' (Pickering, 1987). A red clay—brown gyttja boundary beneath 
the surface sediment marks the end of tin mining in this area and can be used to 
determine long term sedimentation patterns (O'Sullivan. Coard and Pickering, 1982; 
Pickering, 1987). 
Contours of the thickness of the surface sediment layer estimated from 36 cores 
are indicated in Figure 10.2 (O'Sullivan et al.. 1982), Coard and Pickering; 1982) This 
shows that there has been increased sediment deposition at the north end of the lake, 
where the lake width begins to narrow, suggesting a hydrodynamic control in this 
area. Sediment deposition rates are generally lower elsewhere in the lake, although 
there is a localized maximum in the deepest part of the lake. 
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Location of 
coring sites 
250m 
Figure 10.2 Isopach map of the brown-clay surface sediment of Loe Pool produced by 
multiple coring. Units in centimetres (From O'Sullivan. Coard and Pickering (1982) by 
permission 
PARTICLE TRACING EXPERIMENT 
Before the tracing programme, the transmitters of a Trisponder navigational system 
were installed at positions a. b and c in Figure 10.1 lo allow the precise determination 
of sampling sites. Samples were taken to determine the intensity of background 
fluorescence in the water and bottom sediment before the experiment. A n injection 
of 5.3 kg of tracer panicles in a slurry of a detergent and Loe Pool water was made 
at the mouth of the River Cober (Figure 10.1) at 2000 hours on 28 Apr i l 1990 under 
windless conditions and with an absence of surface waves. The particle size range was 
from 0.1 to 20mm with a mode of 3/im. 
The system was then left for three days before the surface layer (about the top 0.2 
m) of the lake bed was systematically cored using a small gravity corer. As the tracer 
panicles are negatively buoyant with a still-water settling lime within the lake of the 
order of several hours, sampling was undertaken with much greater frequency in the 
area immediately surrounding the River Cober inlet and along the northernmost 
stretch of the lake (typically one sample per 25 x 25 m grid). Fewer samples were 
taken in the south of the lake (typically one sample per 35 x 35 m grid). Over 760 
core samples were collected during the subsequent 20 day study period and returned 
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25m/s North 
Figure 10.3 Twelve hour averaged wind velocity vectors, one for each half-day period 
following injection for the duration of the experiment. Note that west is vertically 
upwards on this diagram; wind arrow 1 relates to the first 12 hour period after injection. 
for laboratory analysis using an analytical flow cytometer (AFC) . Details of the tracer 
materia! and the analytical methods are given in Marsh et al. (1991). 
The river flow and water level decreased steadily during the study period from 20 
Apr i l onwards. The decrease in river flow caused the residence lime for the water to 
increase from 50 to 130 days. The estimated river flow at Hclston fell from a ma.xinium 
of 0.52 m-^  s"' at the beginning of the study period to 0.19 nr' s~' al the end. The 
wind speed and direction were measured during the c.vpcrimeni 1 km away at a 
military airfield, RNAS Culdrose, at a height of 100 m above sea level. However, 
these data provided only a rough guide to the prevailing winds at Loe Pool as the 
local topography modified the wind. The wind vectors, averaged over half-day periods 
for the duration of the study period, are shown in Figure 10.3. For the first week the 
wind was predominantly from the E N E and reached J5 m s"^ Wind arrow 1 in Figure 
10.3 relates to the first 12 hour period after injection. 
A hydrodynamic model of the circulation was used to interpret the tracer particle 
movements. The model is described in the Appendix, together with the relationships 
used to estimate wave-induced shear stresses at the bed. As a result of the shallowness 
of the lake, particulariy in the northern region (Figure 10.1) a dcpih-averagcd 
circulation model was used. 
RESULTS 
Contours representing the number of tracer particles found per square centimetre of 
lake bed are presented in Figure 10.4. These show that two well defined concentration 
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Figure 10.4 Measured tracer particle concentrations in the bed sediment of Loe Pool. 
The units are 10^ particles per of bed. A denotes the main area of accumulation 
maxima occurred in the northern part of the lake. The dominant region of accumula-
tion was south-west of the river inlet and is marked as A in Figure 10.4; here, 
concentrations were in excess of 1 x 10'** particles m"^. The secondary area of 
accumulation in the northern region occurred to the south-east of the river inlet; here, 
concentrations reached 4 x lO' particles m"". Most of the tracer panicles were 
accumulated between 150 and 225m from the injection site. 
A third less prominent region of accumulation occurred approximately half-way 
along the lake; here, concentrations reached 4 x 10^  particles m"^. Concentrations 
in the southern area of lake bed, close to Loe Bar (Figure 10.1), were typically 3 x 
10^ panicles m"^, but no clear patterns could be obser\'ed. 
Tracer panicle size and fluorescence were determined simultaneously using analy-
tical flow cytometry, (Marsh et QL, 1991). Tracer particle size vaiied with distance 
from the mouth of the River Cober (Figure 10.5). There was a significant spatial 
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Figure 10.5 Tracer particle size distribution (percentage weight in size bands 0-6, 6-
10 and 10-20 \im of the recovered bed sediment tracer) as a function of distance from 
injection point 
sorting of the smallest tracer particles from the injection site, with the percentage by 
weight recovered in the smallest size band (0-6 cm) increasing by 11% over the 1600 
m distance from the tracer injection site. Associated with this was an 11% decrease 
in the percentage recovered in the largest size band (>10 iim). 
A budget of recovered tracer particles showed that approximately 90% by weight 
of the total 3.8 x 10'"* recovered particles were found in the northern area. Initially, 
5.3 kg of tracer particles were injected. Microscopy and analytical flow cytomet 
indicated that the main particle population consisted of particles in the size range 2 -
4 nm (smaller than the manufacturer's specified size of 4-6 |j.m) and possessing an 
angular and platy structure. Microscopy analysis of several samples indicated an 
average length of 3.25 \im and a volume of 10-15 \im^. 
The tracer particle density was 1.37 x 10^ kg m~^. Therefore. 5.3 kg of injected 
tracer particles (where one particle weighed 1.8 x 10''"* kg) was equivalent to 2.9 x 
10'"* particles. The difference between this number and the estimated recovered 
number of 3.8 x 10'"* was consistent with the errors associated with the sampling and 
analytical technique. 
DISCUSSION 
Both the recent sedimentology of Loe Pool (Figure 10.2) and the observed tracer 
particle concentrations (Figure 10.4) showed enhanced deposition rates in the north-
ern region, although the detailed patterns of accumulation were different. However, 
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the tracer represented an instantaneous injection, whereas the brownclay surficial 
sediment was an accumulation that had occurred over more than 40 years. In addition, 
much of the natural sediment entering the lake would have done so during spate 
conditions when water circulation patterns might have been very different from those 
experienced during the tracer experiment. 
During the first few days following the injection of the tracer particles, the winds 
were predominantly from the east and north (Figure 10.3). The depth-averaged, 
wind-driven circulation in the lake, predicted by the hydrodynamic model for a 15 m 
s~' northerly wind and a 13 m s~' easterly wind arc shown in Figure 10.6. Maximum 
lOcm/s North 
— lOcm/s North 
Figure 10.6 Modelled depth-averaged, wind-driven water circulation within Loe Pool 
for a 15 m s ' ' northerly wind (A) and a 13 m s"' easterly wind (B). Note that west is 
vertically upwards on these diagrams 
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current speeds were of the order of 0.1 m s~' and the shallow northern part of the 
lake showed a particularly strong circulation. 
In the case of a northerly wind, the circulation within the norther area of the lake 
consisted of two strong, opposing gyres, one almost due south of the river inlet and 
the other southeast of the inlet. For an easterly wind, there was a strong gyre to the 
south-west of the river inlet and a much weaker gyre to the east of the river inlet. It 
is likely that an easterly wind, recorded on high ground, will be deflected in the river 
valley and will tend to have a significant northerly component locally. Therefore, wc 
expect that winds from the nonh and east will lend to generate a double-gyre 
circulation pattern in this northern area similar to that shown in Figure 10.6A. 
Reversing the wind directions (i.e. southerly or westerly winds) tends to reverse 
the currents generated by northerly and easterly winds shown in Figure 10.6. Ignoring 
advective accelerations in the hydrodynamic equations (see Appendix), then multi-
plying these equations throughout by - 1 leads to the same equations and solutions, 
but with reversed velocities and surface elevations, providing the wind stress is also 
reversed. 
The model was run for the duration of the tracer experiment using measured river 
run-off and wind speed data. The calculated circulation patterns for the first two half-
days following the injection of the tracer panicles, when the wind was mainly easterly 
(Figure 10.3), are shown in Figure 10.7. A large gyre existed to the south-west of the 
river mouth. The centre of this gyre corresponded with the location of the tracer 
particle maximum observed in the bed sediment (A in Figure 10.4). The secondary 
tracer panicle maximum in the northern area corresponded to the region of very slack 
currents predicated by the model close to the shoreline, south-east of the river mouth. 
The settling time of the tracer particles, assuming Stokes settling, was of the order 
of several hours in this shallow, northern area. Thus, particles leaving the river inlet, 
following the injection, were carried westwards in the northern section of the gyre 
(Figure 7A) and advcctcd back around to the cast in the gyre arms. Particles sinking 
in the arms of the gyre were swept into the centre because centrifugal forces on the 
tracer panicles within the gyres dominated both frictional forces and Coriolis forces. 
Therefore, the pressure gradients drove the water and tracer panicles into the gyre 
centre near the bed because of the reduced centrifugal accelerations in the slower, 
near-bed currents. This occurred regardless of the sense of rotation of the gyre. 
The circulation patterns remained similar but increased in strength during the first 
few days after injection, so thai the tracer particles experienced a fairly stable flow 
field for a much longer period than their settling time. Those particles which advected 
to the south before settling to the bed experienced a number of gyres (Figure 10.7B). 
The first major gyre outside of the northern region, approximately half-way down the 
lake, corresponded with the concentration maximum shown in Figure 10.4. 
The wave-stress model (presented in the Appendix) was used to simulate bed shear 
stresses due to waves during the course of the experiment. Bed shear stresses for the 
first and second half-days following injection are contoured in Figure 10.8 A compari-
son with Figure 10.4 shows that the tracer particle maxima in the northern region 
occurred in those areas where accumulation was expected due (o water circulation 
and where modelled bed shear stresses were less than 0.1 Pa. Stresses in very shallow 
water (less than 0.5 m) were much higher and of the order of 1 Pa. 
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Figure 10.7 Modelled depth-averaged, wind-driven water circulation within Loe Pool 
for the first half-day following injection (A| and the second half-day following injection 
(B). Note that west is vertically upwards on these diagrams 
The wave-induced stresses increased with wind speed during the few days following 
injection but never exceeded 0.2 Pa in the area of maximum tracer concentration (A 
in Figure 10.4) or 0.4 Pa in the area of the secondary concentration maximum in the 
northern region. Even if resuspension of deposited tracer particles had occurred due 
to strong winds and wave activity, the wind-driven flow patterns would have tended 
to maintain tracer particles in the northern region becoming concentrated within the 
gyre system. 
Maximum wave-induced bed shear stresses occurred near the end of the sampling 
period (Figure 10.3) when a 25 m s~' wind blew from the south-west and the fetch 
was at a maximum. Stresses reached 0.4 Pa in the area of maximum concentration 
and 0.8 Pa in the area of secondary maximum concentration. 
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sediment) would be predicted for a considerable period of time following the initial 
deposition. However, some resuspension was likely to have occurred near the end of 
the sampling period. 
CONCLUSIONS 
A tracer particle experiment has been undertaken in Loc Pool, a small shallow lake 
in south west England. The panicles were injected into the main river inflow to the 
north of the lake and the resultant pattern of particle deposition interpreted using a 
depth-averaged hydrodynamic model of the wind-driven circulation within the lake. 
The following conclusions were drawn. 
1. High concentrations of tracer particles (panicles per n r of bed sediment) occur-
red in the northern region with two well defined nia.xima. The accumulation of 
the natural, brown clay sediment of Loc Pool showed some similarity to the tracer 
particle concentrations in the northern region of the lake, although differences 
existed. However, most of the natural sediment would have entered the lake 
during spate conditions when the circulation might have been different from that 
predicted for the experiment. 
2. Most of the tracer particles were deposited between 150 and 225 m from the 
injection site. There was a significant spatial variation for the panicle size range 
<20 nm along the lake. The percentage by weight in the smallest size band 
increased by 11% over the 1600 m distance from the tracer injection site, with 
an 11% decrease in the percentage in the largest size band. The smallest panicles 
tended to travel furthest from the injection site before deposition. 
3. A budget of recovered tracer particles showed that approximately 90% by weight 
were found in the northern region. The estimated number of'recovered' particles 
was 3.8 X 10'"*. The estimated number of injected tracer panicles was 2.9 x 10'** 
The difference is consistent with the errors associated with sampling and the 
analytical technique. 
4. The winds were predominantly from the east and north during the first few days 
after injection of the tracer particles. A numerical model showed that the depth-
averaged, wind-driven circulation in the lake was typically of the order of 0.1 m 
s"' and that the shallow, northern part of the lake had a particularly strong 
circulation. 
5. During the first two half-days following the injection of the tracer particles, when 
the wind was mainly easterly, a large gyre existed to the south-west of the river 
mouth. The centre of this gyre corresponded with the location of the tracer 
particle maximum in the bed sediment. The secondary tracer particle maximum 
in the northern region corresponded to a region of very slack currents to the 
south-east of the river inlet. These circulation patterns remained similar but 
stronger during the first few days after injection, so that the tracer panicles 
experienced a fairly stable flow field for a much longer period than their settling 
lime. 
i . Simulated bed shear stresses for the first and second half-days following injection 
indicated that the tracer panicle maxima occurred in areas of hydrodynamic 
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Figure 10.8 Modelled wave-induced, bed shear stress within Loe Pool for the first half-
day following injection (A) and the second half-day following injection (B). The shaded 
area denotes the region where predicted shear stresses are equal or greater than 1 Pa 
due to the shallow water. The 0.1 Pa contour is shown when it is distinguishable from 
the higher shear stresses. Note that west is vertically upwards on these diagrams 
The surface sediments within Loe Pool typically have water contents of 80-90% 
(Coard, 1987). The corresponding dry density is approximately 100-230 kg m"^ and 
the critical bed shear strength for erosion is estimated to be 0.3-0.8 Pa (Delo, 1988). 
However, these data should be viewed with caution because the bed sediments are 
likely to be viscoelastic (and bioiurbated) and their strength properties dependent on 
factors other than simply dry density. Moreover, the strength of the natural sediment 
will increase dramatically beneath the top few millimetres. 
It is likely that the deposited tracer particles became incorporated within the natural 
bed sediment, partly as a result of particle cohesion and occupation of interstices and 
partly because of bioturbation. On the basis of the wind-wave modelling and 
assuming that the tracer particles became incorporated within the natural surface 
sediment, minimal' remobilization of the deposited tracer particles (and natural 
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accumulation where, in addition, the bed shear stresses were less than 0.1 Pa. 
These wave-induced stresses increased with wind speed during the following few 
days but, in the northern region, never exceeded 0.2 Pa in the area of maximum 
concentration or 0.4 Pa in the area of secondary concentration maximum. 
Maximum wave-induced bed shear stresses occurred near the end of the sampling 
period when a 25 m s~' wind blew from the south-west and the fetch was at 
maximum. Stresses reached 0.4 Pa in the area of maximum concentration and 0.8 
Pa in the area of secondary maximum concentration. Assuming that the deposited 
tracer panicles were incorporated within the natural sediment, minimal 
remobilization of the deposited sediment would be expected for a considerable 
period of time following the initial deposition. 
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APPENDIX: HYDRODYNAMIC MODEL OF WIND-DRIVEN CIRCULATION 
Depth-averaged Equations of Flow 
Wind stress drives a circulation of water within the lake which depends on the magnitude and 
direction of the stress, the shoreline shape and bathymetry. The near-surface waters and the 
whole water column in shallower areas will tend lo move in the direction of the wind stress, 
the reverse being true in the near-bed waters, especially in the deeper areas. However, in a 
very shallow lake such as Loe Pool, it is reasonable to estimate the depth-averaged currents 
using a depth-integrated model of the flow. In small shallow lakes the earth's rotation (Coriolis 
force) is generally assumed to be negligible, with the principal driving force for bottom currents 
being wind setup (Lemmin and Imbodcn, 1987). although we include Coriolis force in this 
model. 
Ignoring density differences within the lake and horizontal viscosity, the depth-averaged 
equations of continuity and momentum are, respectively (Uncles, 1982): 
ag/a/ = - V(/iv) 
and 
avAlf = - (vV)v - gVz - f.vv + T„ - Dvjvj/h 
where t is time, g is the acceleration due lo gravity. \ is the surface elevation. /( total depth. 
V is the depth-averaged velociiy./is the Coriolis parameter (1 x 10"^ s"'). D the bottom drag 
coefficient (2.5 x 10'-^). \V the wind velocity and T« the surface wind stress, where: 
Tw = P.CoH'lHl 
with p, the density of air and C,> = 3 x lO"' ± 50% (Uncles. Jordan and Taylor. 19vS6). 
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a r c l a r g e l y dependenc on Che excenc o f p r e f e r e n t i a l f l o o d o r ebb c r a n s p o r c 
o f SPM by chc c i d a l c u r r e n t s ( U n c l e s e t a l . , 1985a.b.c; U n c l e s e t a l . . 
1988; U n c l e s and Stephens. 1989). 
I n t r a t L d a l v a r i a t i o n s I n v a c c r - c o l u n i n SPM and s a l i n i t y s c r a t l f I c a c i o n , 
and t h e r e f o r e s t a b i l i t y and v e r t i c a l m i x i n g , a l s o p l a y a r o l e i n f i n e -
s e d iment t r a n s p o r t and t u r b i d i t y maximum f o r m a t i o n ( H a r a b l t n , 1989; U n c l e s 
and S t e p h e n s . 1989; Sbeng and V i l l a r e t . 1 9 f f 9 : U o l a n s k i ec a l . . 1 9 8 8 ; 
D r o n k e r s . 1986; K i r b y and P a r k e r . 1977) as does t h e s u p p l y o f f i n e s e d i m e n t 
(Grabemann and Kra u s c , 1989). Th'e I m p o r t a n c e o f t i d a l e r o s i o n - d e p o s i t i o n 
mechanisms i n t h e Taraar and the c o n t r o l e x e r t e d by t h e t i d a l l y - I n d u c e d . 
b e d -shear s t r e s s e s has r e c e n t l y been r e c o n f i r m e d by V e s t and Sa n g o d o y i n 
(1991) who, i n a d d i t i o n , found s i m i l a r r e s u l t s f o r two o t h e r p a r t i a l l y -
mixed, m a c r o t l d a l e s t u a r i e s I n the UK. Uest c t a l . (1991) have a l s o showri 
f r o m m e a s u r e m e n t s o f t u r b u l e n c e i n t h e Taraar t h a t v e r t i c a l d e n s i t y 
g r a d i e n t s a f f e c t the v e l o c i t y f i e l d , t h e r e b y c o n f i r m i n g e x p e r i m e n t a l l y t h e 
t h e o r e t i c a l e x p e c t a t i o n ( H a m b l i n . 1989; U n c l e s and Stephens. 1989) t h a t 
w a t e r - c o l u m n s t a b i l i t y does have t h e p o t e n t i a l t o m o d i f y f i n e s e d i m e n t 
t r a n s p o r t and t u r b i d i t y maximum f o r m a t i o n . 
I n t h i s p a p e r we a t t e m p t t o f u r t h e r e n h a n c e o u r u n d e r s t a n d i n g o f 
p r o c e s s e s a f f e c t i n g f i n e - sediment t r a n s p o r t and t u r b i d i t y maximum f o r m a t i o n 
by p r e s e n t i n g t h e r e s u l t s o f an e x p e r i m e n t I n w h i c h t h e s a l i n i t y , 
l o n g i t u d i n a l v e l o c i t y , SPM c o n c e n t r a t i o n and t r a n s p o r t o f SPM were measured 
s y n o p t l c a l l y I n the Taaar E s t u a r y o v e r a s p r i n g - t i d e t i d a l c y c l e d u r i n g t h e 
summer o f 1990. 
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S U H M A R Y 
Tvo f i e l d exppiriments a r e d e s c r i b e d w h i c h use a f l u o r e s c e n t t r a c e r 
p a r t i c l e p o s s e s s i n g p h y s i c a l c h a r a c t e r i s t i c s o f mean s i z e , p a r t i c l e f a l l 
v e l o c i t y , d e n s i t y and s u r f a c e c h a r g e s i m i l a r t o n a t u r a l s u s p e n d e d 
p a r c l c u l a c c m a t t e r i n many a q u a t i c e n v i r o n m e n t s . The f l u o r e s c e n t c r a c e r 
p a r t i c l e s were d e t e c t e d u s i n g f l o w c y t o m e t r y . I n the f r e s h w a t e r e n v i r o n m e n t 
o f Loe P o o l , the measured l o c a t i o n s o f t h e t r a c e r p a r t i c l e maxima a g r e e d 
c l o s e l y w i t h t h a t p r e d i c t e d by a h y d r o d y n a m i c a l model. T r a c e r p a r t i c l e s 
i n j e c t e d i n t o t h e Taraar E s t u a r y w e r e f o u n d t o a d v c c t w i t h t h e t i d a l 
c u r r e n t s and remained s t r o n g l y a s s o c i a t e d w i t h the s a l i n e i n t r u s i o n . Some 
t r a c e r p a r t i c l e s were d e p o s i t e d on t h e i n t e r - t i d a l m u d f l a t s i n the upper 
reaches d u r i n g the ebb and i n t h e lower reaches a t l o w - w a t e r s l a c k . The 
f r e s h w a t e r r e s i d e n c e t i m e f o r the t u r b i d i t y maximum r e g i o n o f t h e Tamar was 
a p p r o x i m a t e l y 3 days. However, t h e t r a c e r was d e t e c t a b l e d u r i n g t h e neap 
t i d e one week a f t e r t h e i n i t i a l i n j e c t i o n , d e s p i t e l o w r a t e s o f 
r e s u s p c n s i o n o f bed s e d i m e n t . T h i s i m p l i e s t h a t some o f t h e t r a c e r 
p a r t i c l e s had become i n c o r p o r a t e d w i t h i n t h e n a t u r a l f l o e s d u r i n g t h e 
c o u r s e o f t i m e and were a s s o c i a t e d w i t h t h e t u r b i d i t y maximum and t h e 
s a l i n e i n t r u s i o n . 
INTRODUCTION 
Fine suspended s e d i m e n t s have a h i g h a d s o r p t i v e c a p a c i t y f o r d i s s o l v e d 
p o l l u t a n t s (Mehta, 198^^: Lamere Hennessee e t al., 1986; Dyer. 1989). T h i s 
k n o w l e d g e has l e d . i n r e c e n t y e a r s , t o a p r o l i f e r a t i o n o f s t u d i e s i n 
a q u a t i c e n v i r o n m e n t s e x a m i n i n g t h e p r o c e s s e s and mechanisms c o n t r o l l i n g 
s e d i m e n t p a r t i c l e dynamics and c y c l i n g o f c o n t a m i n a n t s . D e s p i t e e x t e n s i v e 
work these p r o c e s s e s a re s t i l l p o o r l y u n d e r s t o o d . 
Sediment d i s p e r s a l can be examined u s i n g b o t h n a t u r a l and a r t i f i c i a l 
t r a c e r p a r t i c l e , e n a b l i n g t h e l o c a t i o n s o f b o t h c o n t a m i n a n t s o u r c e s and 
s i n k s t o be i d e n t i f i e d (Salomons & Hook, 1987). P r e v i o u s c r a c e r w ork has 
p r e d o m i n a n t l y used s o l u b l e f l u o r e s c e n t dyes f o r t h e s t u d y o f w a t e r mass 
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t r a n s p o r t : . R a d i o a c t i v e o r l a r g e f l u o r e s c e n t g r a i n s h a v e b e e n u s e d f o r 
s e d i m e n t p a r t i c l e t r a c i n g . A u t o m a t e d a n a l y s i s a n d c o u n t i n g f o r t r a c e r 
p a r t i c l e s t u d i e s have i n t h e p a s t b e e n b o i h l a b o u r i n t e n s i v e a n d 
i n s e n s i t i v e . A new t r a c i n g t e c h n i q u e p r e s e n t e d by N'ei-Tijan oc si. (1990 a.b) 
and S p a n h o f f & S u i j l e n (1990) i n v o l v e d the use o f A n a l y t i c a l Flow C y t o m e t r y 
(AFC) as a t o o l f o r f l u o r e s c e n t p a r t i c l e d e t e c t i o n . 
The work d e s c r i b e d h e r e summarises two f i e l d s t u d i e s i n i t i a t e d i n 
P l y m o u t h d u r i n g 1988 as an i n t e g r a l p a r t o f a p r o g r a m m e on c o a s t a l , 
c o h e s i v e sediment dynamics. AFC v?as used f o r t h e r a p i d c h a r a c t e r i s a i i o n o f 
an a r t i f i c i a l , f l u o r e s c e n t t r a c e r p a r t i c l e i n t u r b i d s u s p e n s i o n s i n l-oo 
P o o l , a f r e s h w a t e r laV:e, and t h e Tamar E s t u a r y , a m a c r o t i d a l e s t u a r y . 
Comparison o f n a t u r a l SFM w i t h t r a c e r p a r t i c l e s 
The s i z e , d e n s i t y and c o n c e n t r a t i o n o f s e d i m e n t p a r t i c l e s c o n t r o l 
t h e i r movement and s e t t l i n g b e h a v i o u r . C l a y p a r t i c l e s i z e s ( l o s s t h a n 
and s i l t ( l e s s t h a n 63(jra) p a r t i c l e s c h a r a c t e r i s e muddy, s u s p e n d e d 
p a r t i c u l a t e m a t e r i a l (SPM) w i t h i n many a q u a t i c , dyn;imic e n v i r o n m e n t s ( D y e r . 
1 9 8 6 ) . I n t h e t u r b i d i t y maximum o f t h e Tamar E s t u a r y , f u n d a m e n t a l SPM 
p a r t i c l e s i z e s f a l l w i t h i n che range 0.1-37pm, w i t h t h e mode between 5-
lO/im, The s u r f a c e c h a r g e o f t h e s e e s t u a r i n e p a r t i c l e s , d e t e r m i n e d by 
e l e c t r o p h o r e t i c m o b i l i t y measurements, i s n e g a t i v e and a g r e e s c l o s e l y w i t h 
v a l u e s p r e s e n t e d by Loder & L i s s (1985) f o r a q u a t i c e n v i r o n m e n t s . The main 
b u l k o f suspended s e d i m e n t i s t r a n s p o r t e d as f l o e s , w h i c h have a d e n s i t y o f 
a p p r o x i m a t e l y l . l - 1 . 8 g cm""' ( D y e r . 1986). 
The t r a c e r p a r t i c l e used he r e i s s i m i l a r t o t h a t d e s c r i b e d by Newman 
ec a i . ( 1 9 9 0 a ) and S p a n h o f f & S u i j l e n ( 1 9 9 0 ) . I t i s a h i g h l y f l u o r e s c e n t , 
i n e r t , f o r m a l d e h y d e - r e s i n p a r t i c l e , w i t h a s i z e - r a n g e o f 0.1-20;im, a mode 
o f 3^im and a d e n s i t y o f 1.37g cm"'. M i c r o s c o p y i n d i c a t e s t h a t t h e t r a c e r 
p a r t i c l e s have an i r r e g u l a r n o n - s p h e r i c a I s t r u c t u r e w i t h a modal volume o f 
a pprox. lO-15/jm'. 
S e t t l i n g e x p e r i m e n t s were c a r r i e d o u t i n t h e l a b o r a t o r y u s i n g s e t t l i n g 
t u b e s s i m i l a r t o t h o s e d e s c r i b e d by Owen ( 1 9 7 0 ) , i n o r d e r t o examine t h e 
e f f e c t i v e n e s s o f t h e t r a c e r p a r t i c l e as a s e diment a n a l o g u e i n t h e a q u a t i c 
e n v i r o n m e n t . E s t u a r i n e SPM (M i n F i g u r e 1) f r o m t h e t u r b i d i t y maximum 
r e g i o n o f the Tamar E s t u a r y was used. The i n c l u s i o n o f f l u o r e s c e n t t r a c e r 
p a r t i c l e s (B i n F i g u r e I ) i n the s e t t l i n g column s u s p e n s i o n s caused a 
r e d u c t i o n i n t h e median f a l l v e l o c i t y a t a l l s a l i n i t i e s ( F i g u r e 1) w i t h t h e 
e f f e c t b e i n g more pronounced a t low s a l i n i t i e s (H. S t e v e n s , pcrs. conm.). 
These d a t a s u g g e s t t h a t the t r a c e r p a r t i c l e s behave more l i k e n a t u r a l 
SPM a t t h e h i g h e r t u r b i d i t i e s w h i c h t y p i f y e s t u a r i n e t u r b i d i t y maxima 
r e g i o n s . B a r t o n ec a/. (1991) showed t h a t t h e measured s e t t l i n g v e l o c i t i e s 
o f Tamar E s t u a r y SPH were an o r d e r o f m a g n i t u d e l e s s i n l a b o r a t o r y t h a n I n 
f i e l d e x p e r i m e n t s . T h e r e f o r e , the median s e t t l i n g v e l o c i t i e s shown I n 
F i g u r e 1 can o n l y be used as a rough g u i d e , a l t h o u g h t h e y c l e a r l y I n d i c a t e 
t h a t the t r a c e r p a r t i c l e s have a l i m i t e d e f f e c t on median f a l l v e l o c i t i e s . 
The median f a l l v e l o c i t i e s f o r the mud and t r a c e r p a r t i c l e a d m i x t u r e i n t h e 
l a b o r a t o r y i s i n t h e range lxlO'*ra s"' t o IxlO'^m s'^ f o r t u r b i d i t i e s 0.3-
10.0kg m' . r e s p e c t i v e l y , a t s a l i n i t i e s o f O - l p p t ( F i g u r e 1 ) . 
D e t e c t i o n and M e t h o d o l o g y 
Flow c y t o m e t r y uses l a s e r o p t i c s t o d e t e r m i n e t h e n a t u r e o f a p a r t i c l e 
p o p u l a t i o n on a p a r t i c l e - b y - p a r t i c l e b a s i s , i n t erms o f l i g h t s c a t t e r i n g 
( s i z e ) and f l u o r e s c e n c e s p e c t r a . E x t e n s i v e c a l i b r a t i o n and d e t e c t i o n 
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F i g u r e i. The effects of salinicy and cone en era don on cbe median seeding 
velocicy of escuarine suspended scdlaenc particle (M) and/or tracer 
particle (B) s u s p e n s i o n s at different salinities (0 and Sppt). Tracct 
particle suspensions were carried out vichout SPfi at 2 salinities 
e x p c r i o e n c s were c a r r i e d o u t t o e n s u r e t h a t t h e f l u o r e s c e n t t r a c e r p a r t i c l e 
was d e t e c t a b l e b o t h i n d i l u t e t r a c e r p a r t i c l e s u s p e n s i o n s a n d , more 
i a p o r t a n C l y . i n t u r b i d s e diment s u s p e n s i o n s . D e t e c t i o n l i m i t s f o r t r a c e r 
p a r t i c l e s o f 1:50,000 n a t u r a l SPM p a r t i c l e s w e r e a c h i e v e d w i t h a 
r e p r o d u c a b i l i t y o f +5%. 
S e d i m e n t p a r t i c l e s f r o m b o t h e x p e r I m e n c a l s i t e s w e r e c h e c k e d f o r 
background f l u o r e s c e n c e . I n the f i e l d t h e t r a c e r was mixed t h o r o u g h l y w i t h 
a l a b o r a t o r y s u r f a c t a n t and d i l u t e d w i t h w a t e r f r o m t h e s i t e t h u s e n s u r i n g 
r.eucral buoyancy on i n j e c t i o n b e n e a t h the w a t e r s u r f a c e . Samples o f known 
volume were t a k e n f r o m t h e w a t e r column and ( f o r Loe P o o l ) f r o m the bed 
sediment. A g r a v i t y c o r e r o f known c r o s s - s e c t i o n was used t o remove t h e 
s u r f a c e 2cra o f s e d i m e n t . The samples were s t o r e d a t 4 C p r i o r t o a n a l y s i s . 
Samples were d i l u t e d , s o n i f i e d , f i l t e r e d , s o n i f i e d a g a i n and a n a l y s e d 
on t h e AFC. The t o t a l number o f t r a c e r p a r t i c l e s w i t h f l u o r e s c e n c e above a 
s p e c i f i e d b a c k g r o u n d l e v e l were c o u n t e d . The s i z e o f each t r a c e r p a r t i c l e 
was d e t e r m i n e d s i m u l t a n e o u s l y by r e f e r e n c e t o c a l i b r a t i o n beads. 
T»E LOE POOL EXPERIMENT 
Loe Pool i s a s h a l l o w , f r e s h w a t e r c o a s t a l l a k e ( F i g u r e 2) s i t u a t e d I n 
sout h w e s t England (SO-^.'N. 5*»17'W). The s u r f a c e a r e a i s a p p r o x i m a t e l y 
580m and t h e a v e r a g e d e p t h i s 3.3m. The w a t e r v o l u m e I s 2 . 1 x l O * m ^ 
Bat h y m e t r y shows I n c r e a s i n g d e p t h s away fr o m t h e mouth o f t h e R i v e r Cober 
s o u t h . The h i l l s s u r r o u n d i n g m a x i m i z i n g a t lOra i n t h e 
p l a c e s , r i s i n g t o 60-70m. 
nnH./"''!,'' '•-^''^ i n j e c t e d i n t o the lake and 
r r l v L " " i r c u ° i a t i r ' " H^'^^'^*^' d i s t r i b u t i o n s i n cerms o f t h e w i n d -
:he Pool a r e s t e e p i n 
h y d r o d y n a r a i c a l 
South-wesi 
Engtand 
R CODL" 
Muoresconi 
oar:,CIO I 
Loe Pool 
key 
2 - D e p i h in m e t r e s 
250 m 
Drainage tunnel 
Hydrodynarnical modpl 
c i r c u l a t i o n d»„o H " ^h'' = ' r c u l a t l o n of v a t e r w i c h i n the lake. T h i s 
shore I n e s h a T . T " ^ ' * ' ' '""S"' ^ ""-^ d i r e c t i o n of the s t r e s s . 
h y d r o d V r . i c a , / r ' ' " ^ > ' " " ^ y - A t v o . d i m e n s i o n a l , d e p t h - averaged . 
L^^ro^r v ^ r t l T a l ' s ^ r ^ c ^ r r e " '"^""'^•^'^ wind-driven c l r c u l a t i o ^ n I n 
s h a l l o w n e s s o f 
e f f e c t s 
c u r r e n t s was i g n o r e d because o f t h e 
f u l l y n o n l i n e a r and i n c l u d e s C o r i o l l s 
m t h e 
th e l a k e . The model I s 
1 9 9 n '?n ' H H ^ ' I ° " ' °^ c o n t i n u i t y and^moment;;;;";UncUs. 1982; Marsh eC 
.L'J r '^^^"e e q u a t i o n s , an e s t i m a t e 
s h e a r was made u s i n g t h e s i m p l i f i e d e q u a t i o n s o f 
o f t h e 
H a k a n s o n 
wave-Induced 
a n d ' J a n s s o n 
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( 1 9 8 3 ) . A s p a t i a l l y u n i f o r m w i n d speed was assumed. E q u a t i o n s r e p r e s e n t i n g 
t h e s i g n i f i c a n t wave h e i g h t , p e r i o d and wave phase speed were t a k e n t o be 
f u n c t i o n s o f the f e t c h and w i n d speed ( S v e r d r u p and Hunk. 19^7) and used t o 
compute bed shear s t r e s s due t o waves. 
E x p e r i m e n t a l p r o c e d u r e 
S a m p l i n g p o s i t i o n s were a c c u r a t e l y d e t e r m i n e d u s i n g m i c r o w a v e 
n a v i g a t i o n a l t r i s p o n d e r s . From l a b o r a t o r y d e t e r m i n a t i o n ( F i g u r e I ) , a 
t y p i c a l t r a c e r p a r t l c l e / S P M a d m i x t u r e a t ambient c o n c e n t r a t i o n s w o u l d 
s e t t l e o u t i n one day i n the s h a l l o w n o r t h e r n r e g i o n . T h e r e f o r e , i n t h e 
a r e a i m m e d i a t e l y s u r r o u n d i n g t h e R i v e r Cober i n l e t , s a m p l i n g was u n d e r t a k e n 
w i t h much g r e a t e r f r e q u e n c y ( t y p i c a l l y one sample p e r 25m'). Fewer samples 
were t a k e n i n the s o u t h e r n p a r t o f t h e l a k e ( t y p i c a l l y one sample p e r 35-
UOa'). 5kg o f t r a c e r p a r t i c l e s were i n j e c t e d as a t r a c e r p a r t i c l e / L o e Pool 
w a t e r s l u r r y a t t h e mouth o f the R i v e r Cober ( F i g u r e 2) under w i n d l e s s 
c o n d i t i o n s . The s y s t e m was l e f t f o r 3 d a y s b e f o r e t h e s u r f a c e l a y e r 
( a p p r o x . t o p 2cm) o f bed sediment was s y s t e m a t i c a l l y c o r e d u s i n g a s m a l l 
g r a v i t y c o r e r . A t o t a l o f 756 c o r e s were t a k e n f o r a n a l y s i s back a t t h e 
l a b o r a t o r y . 
D a t a on w i n d s p e e d a n d d i r e c t i o n , r i v e r f l o w a n d l a k e w a t e r l e v e l 
d u r i n g the s t u d y p e r i o d were o b t a i n e d . The r i v e r f l o w d e c r e a s e d s t e a d i l y 
d u r i n g the e x p e r i m e n t f r o m a maximum o f 0.52o' s"* a t t h e b e g i n n i n g , t o 
0.19m s'^ a t t h e end. The l a k e w a t e r r e s i d e n c e t i m e exceeded 100 days 
d u r i n g t h e s t u d y . F i g u r e 3 shows t h e w i n d v e c t o r s a v e r a g e d o v e r h a l f - d a y 
p e r i o d s f o r t h e d u r a t i o n o f t h e s t u d y . F o r d a y s 2-5 t h e w i n d was 
p r e d o m i n a n t l y f r o m t h e ENE. The w i n d speeds ranged between 10-15m s** f r o m 
th e e a s t f o r the f i r s t few days a f t e r i n j e c t i o n o f t h e t r a c e r . U i n d a r r o w 1 
I n F i g u r e 3 marks t h e f i r s t 12 hour p e r i o d a f t e r I n j e c t i o n ( t i m e I n c r e a s e s 
f r o m l e f t t o r i g h t i n F i g u r e 3 ) . 
R e s u l t s o f the t r a c e r e x p e r i m e n t 
The h i g h c o n c e n t r a t i o n s o f t r a c e r p a r t i c l e s I n the n o r t h e r n r e g i o n o f 
t h e l a k e e x c e e d e d lO'^ra'^ ( A r e a A i n F i g u r e ^ ) i n d i c a t i n g l o c a l i s e d 
a c c u m u l a t i o n c l o s e t o t h e i n j e c t i o n s i t e . T r a c e r p a r t i c l e s were d e t e c t e d 
o v e r a the e n t i r e l a k e b u t were o f low c o n c e n t r a t i o n and p a t c h y i n Che 
s o u t h e r n a r e a . I n t h i s r e g i o n l e v e l s were l e s s t h a n AxlO'm*'. e x c e p t f o r 
th e two ' h o t - s p o t s ' shown i n F i g u r e i*. There was a s i g n i f i c a n t s p a t i a l 
s o r t i n g o f t h e s m a l l e s t t r a c e r p a r t i c l e s w i c h d i s t a n c e f r o m the i n j e c t i o n 
s i t e , w i t h a g r e a t e r p r o p o r t i o n o f t h e s m a l l e s t p a r t i c l e s t r a v e l l i n g 
f u r t h e s t . 
A b u d g e t o f r e c o v e r e d t r a c e r p a r t i c l e s showed c h a t a p p r o x i m a t e l y 90% 
by w e i g h t were found i n t h e n o r t h e r n a r e a ( s u r r o u n d i n g Area A I n F i g u r e U). 
The e s t i m a t e d number o f r e c o v e r e d c r a c e r p a r t i c l e s was 3.8x10^*. I n i t i a l l y , 
5.3 k g o f t r a c e r p a r t i c l e s were I n j e c t e d , a t o t a l o f 2.9x10^* p a r t i c l e s 
w h i c h was w i t h i n t h e e r r o r s a s s o c i a t e d w i t h s a m p l i n g a n d a n a l y t i c a l 
t e c h n i q u e . Assuming t h e t r a c e r p a r t i c l e s t o be analogous t o n a t u r a l SPH. 
t h e n our r e s u l t s i m p l y t h a t a p p r o x i m a t e l y 90*% o f t h e s e d i m e n t e n t e r i n g Loe 
P o o l w i l l . I n t h e s h o r t - t e r m , r e m a i n i n t h i s n o r t h e r n a r e a , a n d b y 
i n f e r e n c e many s e d i m e n t - b o r n e p o l l u t a n t s w i l l a c c u m u l a t e w i t h i n t h e 
d e p o s i t e d s ediment t h e r e . T h i s r e s u l t i s c o n s i s t e n t w i t h t h e l o n g - t e r m 
s e d i m e n t a t i o n d a t a p r e s e n t e d by P i c k e r i n g ( 1 9 8 7 ) . 
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F i g u r e 3. Half-daily wind vectors measured during the study period. Time 
increases from left to right. 
I n t e r p r e t a t i o n o f r e s u l t s 
U s i n g t h e h y d r o d y n a m i c a l model d e s c r i b e d above, t h e w i n d - d r i v e n w a t e r 
c i r c u l a t i o n p a t t e r n s w e r e d e t e r m i n e d f o r Loe P o o l . The w i n d s w e r e 
p r e d o m i n a n t l y f r o m t h e e a s t and n o r t h d u r i n g t h e f i r s t few days a f t e r 
i n j e c t i o n o f t h e t r a c e r p a r t i c l e s ( F i g u r e 3 ) . The m o d e l l e d , d c p t h - a v c r a g e d , 
w i n d - d r i v e n c i r c u l a t i o n i n t h e l a k e f o r a 15ra s"' n o r t h e r l y w i n d and a 13ra 
s"' e a s t e r l y w i n d , a r e shown i n F i g u r e s 5 ( A . B ) . r e s p e c t i v e l y . Maximum 
c u r r e n t speeds a r c o f t h e o r d e r o f 0.1m s'V The s h a l l o w , n o r t h e r n p a r t o f 
th e l a k e has a p a r t i c u l a r l y s t r o n g c i r c u l a t i o n . 
I n t h e case o f a n o r t h e r l y w i n d ( F i g u r e 5 ( A ) ) , the d e p t h - a v e r a g e d , 
m o d e l l e d c i r c u l a t i o n w i t h i n t h e n o r t h e r n a r e a c o n s i s t s o f t w o s t r o n g , 
o p p o s i n g g y r e s ; one a l m o s t due s o u t h o f t h e r i v e r mouth and t h e o t h e r t o 
I t s w e s t. For an e a s t e r l y w i n d t h e r e i s a s t r o n g g y r e t o t h e s o u t h and w e s t 
o f the r i v e r mouth and a much weaker g y r e t o t h e e a s t o f t h e r i v e r mouth. 
The model was r u n f o r t h e d u r a t i o n o f the e x p e r i m e n t u s i n g r i v e r 
r u n o f f and w i n d - s p e e d d a t a measured d u r i n g t h e e x p e r i m e n t . For t h e f i r s t 
few days f o l l o w i n g i n j e c t i o n o f t h e t r a c e r p a r t i c l e s t h e w i n d was m a i n l y 
e a s t e r l y ( F i g u r e 3) a n d t h e c e n t r e o f t h e m o d e l l e d w i n d - d r i v e n g y r e 
c o r r e s p o n d e d w i t h t h e l o c a t i o n o f t h e t r a c e r p a r t i c l e maximum i n t h e bed 
sediment ( a r e a A i n F i g u r e 4 ) . The s e c o n d a r y t r a c e r p a r t i c l e maximum I n 
th e r e g i o n t o t h e n o r t h - e a s t o f t h e R. Cober c o r r e s p o n d e d t o t h e weak, 
w i n d - d r i v e n g y r e i n t h i s a r e a . 
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Figure ^. Bed sediment c r a c o r p a r t i c l e c o n c e n t r a t i o n s ( u n i t s * iO* cm"') 
Assuming t h e p r e d i c t e d c u r r e n t s t o be s i m i l a r t o t h o s e w h i c h o c c u r r e d 
d u r i n g t h e e x p e r i m e n t , t h e n t r a c e r p a r t i c l e s l e a v i n g the r i v e r mouth were 
c a r r i e d i n t o che m a in g y r e . These remained t h e r e w h i l s t s i n k i n g . P a r t i c l e s 
s i n k i n g I n the arms o f t h e g y r e were swept towards Che c e n t r e near che bed 
because n e a r - b e d c e n t r i f u g a l f o r c e s are s m a l l e r chan chose due t o p r e s s u r e 
g r a d i e n t s . A convergence o c c u r s , r e g a r d l e s s o f r o t a c l o n d i r e c t i o n , because 
t h e Rossby number, U/fR, i s o f t h e o r d e r o f t e n ( D y e r , 1 9 8 6 ) , where R I s 
t h e g y r e r a d i u s o f 150m, U the v e l o c i t y o f w a t e r I n che arms o f t h e g y r e 
and f t h e C o r i o l i s p a r a m e t e r . 
The c i r c u l a t i o n p a t t e r n s remained s i m i l a r b u t s t r o n g e r d u r i n g che 
f i r s t few days a f c e r i n j e c t i o n , so t h a t t h e t r a c e r p a r t i c l e s e x p e r i e n c e d a 
f a i r l y s t a b l e f l o w - f i e l d f o r a much l o n g e r p e r i o d chan t h e s e e d i n g t i m e . 
T h e r e f o r e , the c r a c e r p a r c l c l e s were d e p o s i c e d on che bed o f che l a k e due 
Co the low bed shear s t r e s s e s d u r i n g the e x p e r i m e n t . 
The w a v e - s t r e s s model was used t o s i m u l a t e bed shear s t r e s s e s d u r i n g 
t h e c o u r s e o f t h e e x p e r i m e n t . Bed shear s t r e s s e s f o r t h e f i r s t day 
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Figure 5. Predicted depcb-avcrsged vacer circulation for a norchcrly 
15m s' wind (A) and an easterly Um s'^ wind (B). 
f o l l o w i n g t h e I n j e c t i o n I n d i c a t e d t h a t t h e t r a c e r p a r t i c l e maxima ( a r e a A 
i n F i g u r e 6 ) o c c u r r e d where t h e s t r e s s e s were l e s s t h a n O.lPa. S t r e s s e s I n 
^^S:^^' . 673 
s h a l l o w w a t e r ( l e s s t h a n 0.5m) were much h i g h e r and o f t h e o r d e r o f 
^ p ' ^ w a v e - i n d u c e d s t r e s s e s i n c r e a s e d w i t h w i n d s p e e d d u r i n g t h e 
f o l l o w i n g few days b u t never exceeded 0.2Pa i n are a A ( F i g u r e ^ ) . Maximum 
ve I n d u c e d bed s h e a r s t r e s s e s o c c u r r e d n e a r t h e end o f t h e s a m p l i n g 
e r l o d ( F i g u r e 3) when a 25ro s"' w i n d blew from t h e sout h w e s t ( r e v e r s i n g 
t h e d i r e c t i o n o f g y r e r o t a t i o n ) and t h e f e t c h was a t a maximum; s t r e s s e s 
t h e n r e a c h e d O.'tPa i n are a A. However, I f r e s u s p e n s l o n had o c c u r r e d , t h e 
w i n d - d r i v e n f l o w p a t t e r n s would s t i l l have m a i n t a i n e d t r a c e r p a r t i c l e s I n 
t h e same m a i n g y r e . Because t h e R o s s b y number was l a r g e , n e a r - b e d 
convergence o c c u r r e d r e g a r d l e s s o f t h e d i r e c t i o n o f g y r e r o t a t i o n . 
The s u r f a c e s e d i m e n t s w i t h i n Loe Pool t y p i c a l l y have an 80-90% w a t e r 
c o n t e n t ( C o a r d , 1987). The c o r r e s p o n d i n g d r y d e n s i t y i s a p p r o x i m a t e l y 100-
230kg m"' and the c r i t i c a l bed s h e a r - s t r e n g t h f o r e r o s i o n i s e s t i m a t e d t o 
be 0.3-0.8Pa ( D e l o , 1988). Assuming the t r a c e r p a r t i c l e s t o be mixed w i t h i n 
t h e n a t u r a l s e d i m e n t , t h e n m i n i m a l r e m o b i I i s a t i o n w ould have o c c u r r e d f o r a 
c o n s i d e r a b l e p e r i o d f o l l o w i n g t h e i n i t i a l d e p o s i t i o n , a l t h o u g h some 
r e s u s p e n s l o n was l i k e l y t o have o c c u r r e d near t h e end o f t h e s a m p l i n g 
p e r i o d . 
THE TAMAR ESTUARY EXPFRIMFJiT 
C y c l e s o f s e d i m e n t r e s u s p e n s i o n a n d d e p o s i t i o n o c c u r w i t h i n t h e 
t u r b i d i t y maximum w i t h t i d a l , s e a s o n a l a n d l o n g e r t i m e - s c a l e s . The 
t u r b i d i t y maximum a c t s as tem p o r a r y and l o n g - t e r m s o u r c e and s i n k f o r b o t h 
sediment and c o n t a m i n a n t s ( B a l e e t al.. 1985; Dyer, 1989). The e x p e r i m e n t 
d e s c r i b e d h e r e was d e s i g n e d t o a s s i s t o u r u n d e r s t a n d i n g o f t h e mechanisms 
w h i c h c o n t r o l t h e c h e m i c a l c y c l i n g o f c o n t a m i n a n t s and t o enhance knowledge 
o f t he r e t e n t i o n , t r a n s p o r t and m i x i n g o f SPM w i t h i n t he t u r b i d i t y maximum. 
The s i t e chosen was t h e m a c r o t i d a l Tamar E s t u a r y ( F i g u r e 6 ) . I t I s 
e a s i l y n a v i g a b l e t o t h e l i m i t o f t i d a l I n t r u s i o n and has been e x t e n s i v e l y 
s t u d i e d o v e r t h e l a s t two decades. These s t u d i e s have p r o v i d e d v a l u a b l e 
i n f o r m a t i o n on t h e movement o f sediment and p o l l u t a n t s ( B a l e . 1987; B a r t o n 
cC a i . , 1991; U n c l e s et al.. 1991). 
F i e l d methodoloRV 
A t r a c i n g e x p e r i m e n t was u n d e r t a k e n t o examine the dynamics o f t h e 
Tamar E s t u a r y t u r b i d i t y maximum. A x i a l s u r v e y s w e r e c a r r i e d o u t t o 
d e t e r m i n e t h e t i d a l range o f t h e t u r b i d i t y maximum i n o r d e r t o d e t e r m i n e 
t h e o p t i m u m p o s i t i o n s o f t h e s a m p l i n g s i t e s w i t h i n t h i s r e g i o n . S i x 
s t a t i o n s ( 1 t o 6 I n F i g u r e 6) were chosen and b o a t s were moored I n th e s e 
p o s i t i o n s . A m o b i l e v e s s e l was us e d t o m o n i t o r t h e t u r b i d i t y maximum 
m i g r a t i o n and t o c a r r y o u t t h e t r a c e r p a r t i c l e I n j e c t i o n w i t h i n t h e 
t u r b i d i t y maximum. The I n j e c t i o n t o o k p l a c e a t lOOOh d u r i n g h i g h - w a t e r 
s l a c k o f a s p r i n g t i d e ( t i d a l range: Ua ebb. i».3m f l o o d ) and a t 2.3km f r o m 
t h e w e i r . The mass I n j e c t e d c o m p r i s e d ^ 4 , 5 k g o f f l u o r e s c e n t t r a c e r 
p a r t i c l e s t h o r o u g h l y mixed w i t h e s t u a r i n e w a t e r onboard. R i v e r f l o w f o r t h e 
week p r i o r t o t h e s t u d y was 5.0m^s''. w h i c h was c l o s e t o the avera g e f l o w 
f o r t h e t i m e o f y e a r . 
The s t a t i o n a r y s a m p l i n g v e s s e l s pumped w a t e r samples from t h e s u r f a c e , 
m i d d l e and b o t t o m o f t h e w a t e r column f o r t r a c e r p a r t i c l e a n a l y s i s . I n 
a d d i t i o n , each v e s s e l r e c o r d e d c u r r e n t v e l o c i t y and d i r e c t i o n , s a l i n i t y , 
d e p t h , t u r b i d i t y ( d e t e r m i n e d g r a v i m e t r i c a l l y ) and t e m p e r a t u r e . Measurements 
were t a k e n f o r a whole t i d a l c y c l e a t 20 m i n u t e i n t e r v a l s . 
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Figure 6. L o c a t i o n and w a t e r sampling stations 1 co 6 on the Taniar E s t u a r y . 
Devon. 
Data a n a l y s i s 
The mass budget o f t h e t r a c e r p a r t i c l e s t h r o u g h each s e c t i o n o f t h e 
e s c u a r y can be d e t e r m i n e d by c o n s i d e r i n g t h e r a t e o f w a t e r volume t r a n s p o r t 
p e r u n i t w i d t h o f e s t u a r y ( Q ) : 
Q - HU (1) 
where H i s t o t a l d e p t h and U ( o v e r b a r ) i s t h e d e p t h - a v e r a g e d l o n g i t u d i n a l 
c u r r e n t v e l o c i t y . The i n s t a n t a n e o u s r a t e o f t r a n s p o r t o f c r a c e r p a r t i c l e s 
o v e r t h e c r o s s - s e c t i o n a l a r e a . A, i s g i v e n by: 
T^ - AUT <2) 
where T i s t h e number o f t r a c e r p a r t i c l e s per u n i t volume. 
A mass budg e t f o r che c r a c e r p a r c l c l e s d u r i n g t h e ebb and f l o o d t i d a l 
f l o w s c a n be c a l c u l a t e d ( s h o w n i n T a b l e ) b y i n t e g r a t i n g t h e r a c e o f 
c r a n s p o r c (T^) ov e r che ebb and f l o o d p o r t i o n s o f t h e t i d e Co g i v e T^^ and 
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The r e s i d u a l t r a n s p o r t over the t i d e ( t h a t i s . the n e t number o f 
t r a c e r p a r t i c l e s p a s s i n g che e s t u a r l n e c r o s s - s e c t I o n over the t i d a l p e r i o d ) 
i s g i v e n by: 
The t r a c e r p a r t i c l e s were i n j e c t e d a t che head o f the s a l i n e i n t r u s i o n 
a t h i g h - w a t e r s l a c k and a t a s i c e u p - c s t u a r y o f s t a t i o n s 1-6. T h e r e f o r e , 
d u r i n g t h e e a r l y p a r t o f t h e t i d a l c y c l e they were a d v e c t e d down e s t u a r y 
w i t h che e b b - f l o w o f w a t e r t h r o u g h s t a t i o n s 1-6. 
R e s u l t s 
The ebb, f l o o d and c l d a U y averaged s y n o p t i c daca are p r e s e n t e d i n the 
T a b l e , w i t h u p - e s t u a r y t r a n s p o r t as n e g a t i v e , d own-estuary t r a n s p o r t as 
p o s i t i v e . S t a t i o n i d e n t i f i e r s ( 1 - 6 ) are sho-.-n i n the T a b l e f o l l o w e d by 
t h e i r d i s t a n c e f r o m the e s t u a r y _hcad and t h e i r t i d a I l y - a v e r a g e d w a t e r 
d e p t h s . X and <H> r e s p e c t i v e l y . <U> i s chc d e p t h - a v e r a g e d ( o v e r b a r ) and 
t l d a l l y - a v e r a g e d ( < >) c u r r e n t v e l o c i t y ac each s t a t i o n . 
T a b l e . T i d a l average ( < >) s y n t h e s i s o f l o n g i t u d i n a l v e l o c i t y (U) and 
t r a c e r p a r t i c l e d a t a ac s t a c i o n s 1-6. See t e x t f o r an e x p l a n a t i o n o f 
t h e symbols. G I s che r e s i d u a l SPM f l u x ( u p - e s c u a r y t r a n s p o r t I s - v c ) . 
S t a t i o n X 
kni 
<H> 
m 
<U> 
m s"^ No. (10'*) No. (10'*) No. (10**) 
C 
ppra ra s'' 
1 3.0 1.97 0.14 50.2 -16.6 33.6 -49.3 
2 3.7 2.06 0.16 9.6 -5.2 4.4 -9.7 
3 2.13 0.21 12.3 -9.4 2.9 -15.9 
I* 5.6 1.U2 0.29 6.2 -8.7 -2.5 107.6 
5 7.0 3.28 0.10 18.5 -17.5 1.0 -62.8 
6 8.5 2.36 0.04 2.2 -3.7 -1.5 -25.2 
The r e s i d u a l c u r r e n t s were d i r e c t e d down-estuary a t a l l s t a t i o n s , w i t h 
che upper f o u r s t a c i o n s h a v i n g a c u r r e n t v e l o c i t y o f a p p r o x i m a t e l y 0.2m s"^ 
and che l o w e r two s t a c i o n s h a v i n g a s l i g h t l y s l o w e r c u r r e n t . The r e s i d u a l 
( t i d a l l y a v eraged) r a t e o f c r a n s p o r c o f t r a c e r o r SPM can be s e p a r a t e d i n t o 
components due Co a d v e c t i o n by che r e s i d u a l f l o w o f w a t e r , v e r t i c a l shear 
and t i d a l pumping ( U n c l e s ec a/., t h i s v o l u m e ) . 
V e r t i c a l s h e a r was n e g l i g i b l e c o m p a r e d w i c h che o t h e r t r a n s p o r t 
mechanisms f o r b o t h SPM and c r a c e r p a r t i c l e s . T r a n s p o r t due t o the r e s i d u a l 
f l o w o f w a t e r ( t h e f r e s h w a t e r i n p u t s i n s t e a d y c o n d i t i o n s ) was g e n e r a l l y 
d i r e c t e d d o w n - e s t u a r y f o r b o t h SPM and c r a c e r p a r t i c l e s . T i d a l pumping was 
domin a n t f o r b o t h , buc was g e n e r a l l y d i r e c t e d u p - c s c u a r y f o r SPM and down-
e s t u a r y f o r t r a c e r p a r c i c l e s . T h e r e f o r e , i n the s h o r t - t e r m ( t h a t i s , f o r 
one c i d a l c y c l e f o l l o w i n g c r a c e r p a r t i c l e i n j e c t i o n ) t h e SPM and c r a c e r 
responded i n a d i f f e r e n t way t o che c i d a l p r o c e s s e s o f e r o s i o n , t r a n s p o r t 
and d e p o s i t i o n . 
The f l u o r e s c e n t t r a c e r p a r t i c l e t r a n s p o r t (number o f p a r t i c l e s p a s s i n g 
t h r o u g h a s t a t i o n ) a r e p r e s e n t e d f o r che ebb t i d e ( T . ^ ) . f l o o d t i d e (T^^) 
and t h e i r sum (T^^) i n the T a b l e . The r e s i d u a l t r a n s p o r t o f SPM. G. i s a l s o 
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^ ^ £ o w n . R e l a c t v e co t h e ebb t r a n s p o r t o f p a r t i c l e s a t s t a t i o n 1 (50.2x10'*) 
t h e t i d a l sum, T a t each o f t h e l o w e r s t a t i o n s , s c a c i o n s 2-6, was v e r y 
s m a l l , i m p l y i n g choc mosc o f t h e p a r t i c l e s remained i n t h e upper e s c u a r y . 
The f a c e chac t h e ebb numbers d i d not decrease m o n o t o n l c a l l y I n d i c a t e d che 
e x l s c e n c e o f s i g n l f l c a n c s a m p l i n g e r r o r s . 
The r e s i d u a l f l u x o f SPM. C, was g e n e r a l l y d i r e c c e d u p - e s c u a r y , 
i n p l y l n g c o n c l n u e d c r a n s p o r c o f f i n e - s e d i m e n c Co che upper reaches ( U n c l e s 
a t a i . , c h l s v o l u m e ) . The r e s i d u a l numbers o f c r a c e r p a r c l c l e s p a s s i n g a 
S t a t i o n c r o s s - s e c c l o n were e l c h e r v e r y s m a l l o r d i r e c c e d down-escuary, so 
chaC che t r a c e r p a r c i c l e s were I n i t i a l l y n o t b e h a v i n g l i k e SPM. 
•".XI'- ^ ® d e p t h - a v e r a g e d , t r a c e r p a r t i c l e c o n c e n c r a c l o n s (numbers ral"^) a r e 
.^Yp^esenCed I n F i g u r e 7(8,C a b o v e ) as t i m e - s e r i e s . The c r a c e r 
• • " p a r t l c l e / e s c u a r l n e w a t e r s l u r r y was I n t r o d u c e d a t che s t a r t o f Che ebb t i d e 
and 1.1 km u p - e s t u a r y o f s t a c l o n 1 ( F i g u r e 6 ) . The c r a c e r p a r c l c l e s were 
a d v e c t e d down-escuary on che ebb f l o w as a v e r y pronounced peak chrough 
each o f che s t a t i o n s b e f o r e r e t u r n i n g on the f l o o d t i d e t o the v i c i n i t y o f 
t h e i r o r i g i n a l i n j e c t i o n s i t e . The d e p t h • a v e r a g e d t i m e - s e r i e s o f SPM and 
s a l i n i t y o r e p r e s e n t e d i n F i g u r e s 7(D,E.A a b o v e ) . r e s p e c t i v e l y . SPM 
maximised a t a l l s t a t i o n s as a r e s u l t o f r e s u s p e n s i o n due t o peak ebb and 
f l o o d c u r r e n t speeds ( U n c l e s ec al.. t h i s volume) and t h e s h a l l o w d e p t h s 
n e a r l o w - w a t e r ( n o t a b l y s t a t i o n 3 and A a t 1 6 2 0 h ) . T h e r e i s l i t t l e 
c o r r e l a t i o n b e t w e e n t h e t r a c e r p a r t i c l e and SPM c o n c e n t r a t i o n s , w i t h 
a d v e c c i o n d o m i n a c i n g c r a c e r p a r t i c l e b e h a v i o u r and r e s u s p e n s i o n d o m i n a t i n g 
SPM b e h a v i o u r . 
T h e . d e p t h - a v e r a g e d s a l i n i t y showed a r e a s o n a b l e c o r r e l a t i o n w i t h che 
Cracer p a r c i c l e a d v e c t l o n . w l c h che main c r a c e r peak c l o s e l y f o l l o w i n g che 
f r e s h w a t e r / s a l t w a t e r i n t e r f a c e ( S a l i n i t y O.l-O.Sppt). T h i s I m p l i e s t h a t Che 
t r a c e r p a r t i c l e s were l a r g e l y a d v e c t e d w i t h the c i d a l f l o w d u r i n g che f i r s t 
c l d a l c y c l e f o l l o w i n g i n j e c c i o n . 
3.0 
- * - E b b t i d e 
F l o o d l l d e T p 
R e s i d u a l Tjf 
3.7 4.6 5.6 7.0 
D is tance from weir (km) 
8.5 
F i g u r e 5. Ebb (T ), flood (T^) and residual (T^) cracer transport during 
che 26/06/9h. 
o 
i'hc rbb o-.id f l o o d c r a c e r p a r t i c l e mass b u d g e t s ( T a b l e and F i g u r e 8 
.'.'ovo) iiii.Uc.tLe -T l.n-go ' l o s s ' o f c r a c e r f r o m chc wacer column on t h e ebb 
: l o v b c i v c c n s n r i o n s 1 and 2. A p o s s i b l e e x p l a n a c i o n i s c h a t , d e s p i t e 
;:icro.Tsing obb c u r r e n t v e l o c i t i e s i n the main c h a n n e l , t h e t r a c e r p a r t i c l e 
- I i i c h '--as mixed homogeneously b o t h l a t e r a l l y a c r o s s che e s c u a r y and w i t h 
i,'.pch by che bone's p r o p c l l o r iramediacely a f t e r i n j e c t i o n ) became t r a p p e d 
l»y cl>e f a l l i n g w.icer l e v e l s and s l o w c u r r e n c s on che i n t e r - t i d a l m u d f l a t s . 
The r i s i n g f l o o d t i d e r a p i d l y s u b m e r g e d che m u d f l a t s a n d c a u s e d 
t e s u s p o n s i o n and up-csCuary t r a n s p o r t o f t h e c r a c e r p a r t i c l e and a h i g h e r 
i h a n e x p e c t e d peak i n t h e f l o o d - t i d e mass b u d g e t a t s t a t i o n 1. 
There i s a measured, l a r g e n e t l o s s o f t r a c e r p a r t i c l e i n che up-
e s t u a r y r e g i o n ( T a b l e and F i g u r e 8 ab o v e ) . A p p r o x i m a t e l y t h e snme numbers 
o f c r a c e r p a r c i c l c s were a d v e c t e d t h r o u g h s c a c i o n s 2-6 on che e b b as 
r e c u r n e d on t h e f l o o d . The i n c r e a s e d t r a c e r p a r t i c l e number a t s t a t i o n 5 
s u g g e s t s chat the v a t o r s a m p l i n g a t s t a t i o n s 2-A may have missed chc t r a c e r 
B 
Figure 9. Tracer concentration, salinity and turbidity aeasureinents taken 
during an axial survey of the turbidity maximura on 27/6/90 (A, the 
following day) and 3/7/90 (B. the following week). 
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p a r t i c l e maximum and t h a t t he s a m p l i n g i n t e r v a l o f 20 m i n u t e s was n o t 
s u f f i c i e n t l y f i n e . 
The t r a c e r p a r t i c l e was d e t e c t e d I n h i g h c o n c e n t r a t i o n s 3 . l k n down-
e s t u a r y o f s t a t i o n 6 ( a t o t a l m i g r a t i o n o f l l . l k m ) by t h e m o b i l e v e s s e l . 
I m m e d i a t e l y a f t e r l o w - w a t e r s l a c k ( w h i c h o c c u r r e d a t a p p r o x . 1720h a t 
s t a t i o n 6 ) . The r e t u r n i n g t r a c e r p a r t i c l e p e a k r e a c h e d C a l s t o c k 15-30 
mi n u t e s a f t e r s l a c k w a t e r , s u g g e s t i n g t h a t some o f the t r a c e r p a r t i c l e had 
s e t t l e d o u t dow n - e s t u a r y o f s t a t i o n 6 ov e r l o w - w a t e r s l a c k . 
An a x i a l s u r v e y o f the s u r f a c e w a t e r , c a r r i e d o u t t h e f o l l o w i n g day 
( 2 7 / 0 6 / 9 1 ) , showed a l a r g e peak o f t r a c e r p a r t i c l e s s i t u a t e d 5km from t h e 
w e i r a t a s a l i n i t y o f a p p r o x i m a t e l y 0.5ppt and s l i g h t l y d o w n - e s t u a r y o f t h e 
t u r b i d i t y maximum ( F i g u r e 9A a b o v e ) . The t r a c e r , h a v i n g undergone 2 t i d a l 
c y c l e s , had formed a more s t a b l e a s s o c i a t i o n w i t h t h e n a t u r a l suspended 
f i n e s e d i m e n t . The t r a c e r p a r t i c l e s had a l s o t r a v e l l e d f u r t h e r u p - e s t u a r y 
t h a n t h e o r i g i n a l i n j e c t i o n s i t e . T h i s i n d i c a t e s t h a t a n u p - e s t u a r y 
r e s i d u a l t r a n s p o r t o f t r a c e r p a r t i c l e s had o c c u r r e d . 
A f u r t h e r a x i a l s u r v e y was c a r r i e d o u t one week l a t e r . The s u r f a c e 
w a t e r s were a g a i n sampled, t h i s t i m e d u r i n g a neap t i d e on 3/7/90. The 
t i d a l range was o n l y 2.3m and because o f the sl o w e r t i d a l c u r r e n t s the 
t u r b i d i t y maximum SPM c o n c e n t r a t i o n s maximised a t o n l y 270mg 1"' ( F i g u r e 9B 
ab o v e ) . The t r a c e r p a r t i c l e s were c l o s e l y a s s o c i a t e d w i t h t he t u r b i d i t y 
maximum and had a w e l l - d e f i n e d peak i n the same p o s i t i o n as the SPM peak 
( F i g u r e 9B a b o v e ) . Both peaks were c l e a r l y a s s o c i a t e d w i t h the head o f t h e 
s a l i n e i n t r u s i o n a t a p p r o x i m a t e l y itkm from the w e i r . 
CONCLUSIONS 
( 1 ) A f l u o r e s c e n t t r a c e r p a r t i c l e was i n v e s t i g a t e d w h i c h h a d p h y s i c a l 
c h a r a c t e r i s t i c s o f mean s i z e , f a l l v e l o c i t y , d e n s i t y and s u r f a c e c h a r g e 
s i m i l a r t o n a t u r a l SPM i n a q u a t i c e n v i r o n m e n t s . The t r a c e r p a r t i c l e s were 
d e t e c t e d u s i n g f l o w c y t o m e t r y . 
( 2 ) I n t h e f r e s h w a t e r e n v i r o n m e n t o f Loc P o o l , the L o c a t i o n s o f the bed-
se d i m e n t , t r a c e r p a r t i c l e maxima agreed c l o s e l y w i t h t h a t e x p e c t e d f r o m t h e 
p r e d i c t e d , w a t e r c i r c u l a t i o n p a t t e r n s . Over 75% o f t h e t r a c e r p a r t i c l e s 
were d e p o s i t e d w i t h i n t h e p e r i m e t e r o f the main w i n d - d r i v e n gyre p r e d i c t e d 
by the h y d r o d y n a m i c a l model. A f u r t h e r 15% were d e p o s i t e d i n v e r y c l o s e 
p r o x i m i t y t o t h i s g y r o . Any s e d i m e n t - b o r n e p o l l u t a n t s w i l l t e n d t o 
acc u m u l a t e w i t h i n t he d e p o s i t e d s ediment t h e r e . 
( 3 ) T r a c e r p a r t i c l e s i n j e c t e d i n t o t he Tamar E s t u a r y , were f o u n d t o a d v e c t 
w i t h t h e t i d a l c u r r e n t s and remained s t r o n g l y a s s o c i a t e d w i t h t h e t u r b i d i t y 
maximum a t the s a l i n e i n t r u s i o n . Some t r a c e r p a r t i c l e s were d e p o s i t e d on 
the I n t e r - t i d a l m u d f l a t s i n t h e upper reaches d u r i n g t h e ebb and i n t h e 
l o w e r reaches a t l o w - w a t e r s l a c k . 
(^) The f r e s h w a t e r r e s i d e n c e t i m e f o r t h e t u r b i d i t y maximum was 
a p p r o x i m a t e l y 3 d a y s ( U n c l e s ec al., 1 9 8 3 ) . H o w e v e r , t h e t r a c e r was 
d e t e c t a b l e d u r i n g t h e neap t i d e one week a f t e r t h e i n i t i a l I n j e c t i o n , 
d e s p i t e low r a t e s o f r e s u s p e n s i o n o f bed sediment. T h i s i m p l i e d t h a t some 
o f t h e t r a c e r p a r t i c l e s had become i n c o r p o r a t e d w i t h i n t h e n a t u r a l f l o e s 
d u r i n g the c o u r s e o f t i m e and were a s s o c i a t e d w i t h t he t u r b i d i t y maximum. 
( 5 ) For b o t h Loe Pool and the Tamar E s t u a r y , the e x p e r i m e n t s d e s c r i b e d h e r e 
di^mor.scrare thac p a r t i c l e s tend co accumulacc i n c e r t a i n areas i n response 
to hydrodynaraical f o r c i n g . Organic contarainancs and other p o l l u t a n t s are 
kno--n Co have an a f C i n i t y f o r f i n e seditnenc. Such p a r t i c l e accuniulation 
• - i l l lead co a build-up of contaminants. The present technique w i l l enable 
patterns of accumulation co be described and ai d both i n the p r e d i c t i o n of 
cohesive, sediment dynamics. 
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SUMMARY 
Res u l t s are prese n t e d o f an experiment I n which t he s a l i n i t y , 
l o n g i t u d i n a l v e l o c i t y , SPM concentration and tr a n s p o r t of SPM were measured 
s y n o p t l c a l l y i n the Tanar Estuary over a s p r i n g - t i d e t i d a l cycle during the 
svirmcr of 1990. Six vessels were anchored i n the t u r b i d i t y maximun region 
o f the Taisar and w i t h i n the area contai n i n g the mobile stock of f i n e 
sediment. V e r t i c a l p r o f i l i n g f o r s a l i n i t y , l o n g i t u d i n a l v e l o c i t y and SPM 
was c a r r i e d out du r i n g one t i d a l cycle and data were obtained a t 0.25is 
above the bed every 5 minutes during the synoptic measurements and f o r 
s e v e r a l days b e f o r e and a f t e r . V e r t i c a l shear t r a n s p o r t o f SPM was 
i n s i g n i f i c a n t compared w i t h t h a t due to t i d a l pumping. The t i d a l pumping of 
SPM was d i r e c t e d up-estuary a t a l l s t a t i o n s and was generally opposed by 
the down-estuary t r a n s p o r t of SPM due to advection by the r e s i d u a l ( t l d a l l y 
averaged) water t r a n s p o r t . The depth-averaged instantaneous currents were 
g e n e r a l l y f l o o d dominant. During the ebb, the SPM maxima were of the order 
of I-IO kg m'^ . At the c e n t r a l s t a t i o n the f i n e - s e d i m e n t suspensions 
reached concentrations o f 26 kg m'' near the bed during the f l o o d and were 
h i g h l y s t r a t i f i e d . The near-bed instrument packages demonstrated the growth 
of the t u r b i d i t y maximum over the neap t o s p r i n g - t i d e p e r i o d and i t s 
dependence on both l o c a l rcsuspension and the presence of the freshwater-
s a l t w a t e r i n t e r f a c e . 
INTRODUCTION 
A suspended p a r t i c u l a t e m a t ter {SPM, or t u r b i d i t y ) maximum I s a 
conanonly observed feature i n the low s a l i n i t y reaches of many pa r c l y - o l x e d 
and well-mixed e s t u a r i e s ( A l l e n e t a l . , 1977. 1980; Festa and Hansen. 1978; 
O f f i c e r and Nichols, 1980; O f f i c e r . 1981). I n the Tamar Estuary I t has been 
known f o r several years t h a t t l d a l l y - l n d u c e d resuspenslon i s an e s s e n t i a l 
mechanism f o r generating a stro n g , s p r i n g - t i d e t u r b i d i t y maximum and t h a t 
the l o c a t i o n of the maximum and i t s associated stock o f mobile bed sediment 
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The terms in the momentum equaiion represent the acceleration (equal lo zero under steady-
state conditions), which is equal to the inertial acceleration, the acceleration due to surface 
slope forcing, the Coriolis acceleration, the acceleration due to wind stress and the retardation 
due lo the quadratic fhctional drag at the bed. 
The shoreline and bathymetry of Loe Pool were digitized and incorporated into the depih-
averaced model using a 53 x 43 array of points with a spacing of 33 x 33 m to discretize the 
region. 
Wave Model 
In addition to these equations, an estimate of the wave-induced shear is made using the 
simplified equations in Hakanson and Jansson (19S3). A spatially uniform wind speed is 
assumed. Equations representing the significant wave height. / / . period. T. and wave phase 
speed. C . arc taken to be functions of the fetch. F, and wrnd speed. U' = j U' | (Sverdrup and 
Munk. 1947) 
(Smith and Sinclair. 1972). 
For sinusoidal waves 
where L is wavelength and 
ST/W = 0.46(i,'/7U'-)^'^ 
C = UT 
(Pond and Pickard. 19S3: Dyer . 19S6). so that C and L can be defined iterativcly once T is 
known. 
Knowing /(. H and L. the horizontal displacement (f/„) at the bed due to the elliptical orbital 
motion of a surface wave (Komar and Miller, 1973) can be found 
and the maximum horizontal velocity {U„^) can be calculated 
followed by the peak bed shear stress (t^) due to the wave (Sleath, 1984; Dyer . 1986: Soulsby 
and Smal lman. 1986: De lo . 1988: Lue i t ich . Harlemann and Somlyody. 1990). 
In very shallow, fetch-limited conditions, such as occur in Loe Pool , a viscous, laminar wave 
boundar)' layer e.visis and the wave friction factor (f^) is given by 
A = 2(«c.)-°' 
and 
where u is the molecular viscosity (1 x 10 '" m" s " ' ) . 
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' <QxP>/<fi> (7) 
Cjp - <QP>/<H> (8) 
and - <HV'P->/<H> (9) 
Primes denote deviations from the depth average, such chat: 
P' - P - P and U' - U - V (10) 
RESULTS 
Residual t r a n s p o r t 
A r e s i d u a l ( t I d a l - a v e r a g e ) s y n t h e s i s o f the s y n o p t i c data a r c 
presented i n the Table. The convention used i n the Table i s t h a t up-cscuary 
t r a n s p o r t I s n e g a t i v e , dovn-estuary t r a n s p o r t I s p o s i t i v e . S t a t i o n 
I d e n t i f i e r s (1-6) are followed by t h e i r distances from the head {X, kia) and 
t h e i r c l d a l l y averaged depths (<W>, m). 
Table. T i d a l average (< >) synthesis of l o n g i t u d i n a l v e l o c i t y (I/) and 
SPM (P) f l u x data a t Stations 1-6. See t e x t f o r an explanation of the 
symbols. Up-estuary tran s p o r t i s negative. 
St. X <H> <U> Gy G G, Gj-p 
KM M M/S M/S M/S PPM M/S PPM M/S PPM M/S PPM M/S 
1 3 0 1 97 0 lU -0 08 0 06 3 7 -49 3 90 3 -U3 3 
2 3 7 2 06 0 16 -0 06 0 10 0 5 -9 7 115 7 -125 9 
3 i* 6 2 13 0 21 -0 09 0 12 69 8 -15 9 358 1 -643 8 
i* 5 6 2 i*2 0 29 -0 13 0 15 19 0 107 6 225 6 -137 0 
5 7 0 3 28 0 10 -0 06 0 05 2 8 -62 8 26 6 -92 2 
6 8 5 2 34 0 04 -0 06 -0 02 -0 6 -25 2 -8 3 -16 2 
The depth-averaged (overbar) and r e s i d u a l ( c l d a l l y - a v e r a g e d . < >) 
c u r r e n t s are <U>. These c u r r e n t s were d i r e c t e d down-escuary and were 
t y p i c a l l y 0.2 m s'* at the upper four s t a t i o n s near Che head and decreased 
at Che lower s t a t i o n s down-estuary. Currents corresponding t o the r e s i d u a l , 
up-estuary water t r a n s p o r t 'pumped' I n t o the estuary by the t i d a l wave a r e 
denoted by (equaclon 3) and chese were t y p i c a l l y 0.10 n s'* . The 
sunmation of and <l/> is denoted by (equation 2 ) . and t h i s c u r r e n t I s 
p r o p o r t i o n a l Co the r e s i d u a l , volume-transport of water per u n i t w i d t h 
(equaclon 2 ) , which, i n t u r n . Is the r e s u l t of down-estuary t r a n s p o r t o f 
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METHODS 
Six vessels were anchored I n the t u r b i d i t y naximum region of the Tamar 
and w i t h i n the area c o n t a i n i n g the mobile stock of f i n e sediment (see 
Figure I f o r the lo c a t i o n s of Stations 1 to 6 ) . V e r t i c a l p r o f i l i n g f o r 
s a l i n i t y , l o n g i t u d i n a l v e l o c i t y and SPM was c a r r i e d out during one t i d a l 
cycle on 26 June 1990. Pumped samples were taken f o r gra v i m e t r i c analysis 
of the SPM concentrations and f o r onboard determination of s a l i n i t y and 
temperature using portable salinometers. 
Data were also obtained a t 0.25m above the bed every 5 minutes d u r i n g 
the s y n o p t i c measurements and f o r s e v e r a l days b e f o r e and a f t e r . The 
Instrument packages were modified versions o f those discussed by Uncles e t 
a l . (1989). These data were obtained a t Stations 5 and 3 (see Figure 1). 
ANALYSIS 
Q i s the race of water volume t r a n s p o r t per u n i t width of estuary. 
w i t h : 
HU (1) 
where H i s t o t a l depth, U the l o n g i t u d i n a l v e l o c i t y and the overbar denotes 
a depth average. The r e s i d u a l ( t i d a l l y averaged) rate of water tran s p o r t 
per u n i t width i s ; 
<p> - <mJ> - <H>.(<U> + U^) - <M>V^ (2) 
where - <HU>/<H> (3) 
w i t h the t i l d e d e f i n i n g a temporal d e v i a t i o n from the t i d a l average: 
U - U - <U> and H ~ H - <H> (4) 
The Instantaneous t r a n s p o r t of suspended sediment per u n i t width Is given by 
Qp - mJF (5) 
where P i s SPM concentration and the r e s i d u a l t r a n s p o r t per u n i t width, per 
u n i t t l d a l l y - a v e r a g e d depth i s : 
C - <Qp>/<H> - <HUP>/<H> - + Gyp * Gy (6) 
where Gj^ Is the suspended sediment t r a n s p o r t due to the r e s i d u a l flow of 
water, <(?>, and Gjp and Cy are due to t i d a l pumping and v e r t i c a l shear, 
r e s p e c t i v e l y , w i t h : 
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f r e s h , r i v e r i n e water In steady, l a t e r a l l y homogeneous cond i t i o n s . 
The SPM f l u x e s are d i v i d e d I n t o t h e i r four c o n s t i t u e n t p a r t s i n the 
Table. The f i r s t p a r t , C^. i s the v e r t i c a l shear (equation 9) which i s the 
t r a n s p o r t due to d e v i a t i o n s o f the SPM c o n c e n t r a t i o n and l o n g i t u d i n a l 
v e l o c i t y from t h e i r respective depth-averaged values. The second term. C, 
i s the t o t a l f l u x (equation 6 ) , the t h i r d i s advectlve t r a n s p o r t by the 
r e s i d u a l water flow. (equation 7 ) , and the f o u r t h the t i d a l puiaplng 
term, Cj^ (equation 8 ) . 
V e r t i c a l 'shear t r a n s p o r t , Cy. was I n s i g n i f i c a n t compared w i t h t h a t due 
to t i d a l pumping, Cjp. The t i d a l pumping of SPM was d i r e c t e d up-estuary at 
a l l s t a t i o n s and was generally opposed by the down-estuary t r a n s p o r t of SPM 
due t o a d v e c t i o n by the r e s i d u a l water t r a n s p o r t . G^. The u p - e s t u a r y 
t r a n s p o r t o f SPM due t o up-cstuary r e s i d u a l water flow, U^, a t S t a t i o n 6 I s 
a consequence of the measurements having been obtained I n the deep channel, 
where d e n s i t y - d r i v e n currents can be Important (Uncles et a l . . 1986). These 
f i n d i n g s are consistent w i t h e a r l i e r measurements i n the upper reaches of 
the Tamar (Uncles e t a l . . 1985a,b.c). 
Apart from S t a t i o n 4. the t o t a l r e s i d u a l f l u x of SPM, G. was d i r e c t e d 
up-estuary. which Implies c o n t i n u i n g transport of mud to the upper reaches 
w i t h some l o c a l i s e d readjustment of sediment at S t a t i o n 4. The r e s i d u a l 
f l u x was of the order o f 1-2% of the maxloum instantaneous f l u x e s . 
Instantaneous SPM f l u x e s 
Apart from S t a t i o n 4. the depth-averaged Instantoncous currents were 
f l o o d dominant (Figure 2 ( a , b ) ) . The low-water slack period e x i s t e d f o r Just 
a short time and occurred l a t e r moving up-estuary from Stations 6 to 1. 
Therefore, over the measurement area, the f l o o d current began to flow f i r s t 
at S t a t i o n 6 and l a s t a t S t a t i o n 1. Ebb currents began t o flow f i r s t a t 
S t a t i o n 1 and l a s t at S t a t i o n 6. The d u r a t i o n of slack currents was much 
longer at high than at low-water (Figure 2 ( a , b ) ) . 
Maximum ebb currents occurred around 1400h. At Stations I to 3 the ebb 
v e l o c i t y was f a i r l y constant from about 1500h u n t i l s h o r t l y before low-
water slack when the flow I n the upper estuary was r i v e r i n e and water 
l e v e l s f e l l only s l i g h t l y . The ebb current speed increased at S t a t i o n 4 
over t h i s p e r i o d (Figure 2 ( b ) ) . i n d i c a t i n g t h a t the channel cross-section 
at t h a t s t a t i o n was decreasing s i g n i f i c a n t l y i n response to the slow f a l l 
i n water l e v e l as low-water slack approached. 
The depth-averaged SPM c o n c e n t r a t i o n s a t S t a t i o n s 1 t o 6 ( F i g u r e 
2(c,d)) showed that highest l e v e l s were reached at S t a t i o n 3. Each s t a t i o n 
had w e l l - d e f i n e d ebb and f l o o d SPM maxima. During the ebb, these maxima 
were of the order of 1 kg m'^  a t Stations 5 and 6, 3-4 kg m"^  a t Stations 1 
and 2, and 5-10 kg m'^  a t Stations 3 and 4. 
The ebb-tide, SPM maxima tended to exceed the f l o o d maxima at Stations 
1 t o 4 (Figure 2 ( c , d ) ) , despite the general, f l o o d dominance of current 
speeds In the upper estuary (Figure 2 ( a , b ) ) . This apparent anomaly was a 
consequence of the large depth v a r i a t i o n s over the t i d a l cycle. A measure 
of the sediment loading of the water column, per u n i t surface area of 
estuary. Is the depth - averaged SPM concentration m u l t i p l i e d by depth, PH. 
This q u a n t i t y Is shown i n Figure 3 ( a , b ) f o r S t a t i o n s 1 t o 6. At a l l 
s t a t i o n s the SPM loading of the water column per u n i t surface area of 
e s t u a r y d u r i n g maximum f l o o d SPM c o n c e n t r a t i o n s ( around 1900h) was 
s i g n i f i c a n t l y l a r g e r than chat during maximum ebb SPM concentrations. 
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Figure 2. Depth-averaged velocicy and SPti concentrations as f u n c t i o n s o f 
ciae in hours (BST) during 26/06/90 ac synoptic S t a t i o n s I co 6. 
(A) : Velocity (m s'^) ac Scacions 1 (-). 2 ('*-) and 3 (• -). 
(B) : VelocLcy (a s'^) aC Stations 4 5 (•*-) and 6 (• -). 
(C) : SPM (kg m'^) at Stations I (-). 2 (•*•) and 3 (• -). 
(D) : SPM (kg m'^) at Stations A 5 and 6 (-
The SPM tr a n s p o r t per unlc widch of estuary (equation 5) f o r Sta t i o n s 
1 CO 6 Is shown I n Figure 3(c,d). Maximum f l o o d cransport occurred around 
1900h ac a l l scaclons. T y p i c a l peak, depch-averaged currenC speeds were 
less Chan about 1 m s'^  (Figure 2 ( a . b ) ) . so chac che time required Co 
advecc SPM che 5.5km from Scatlon 6 Co Scaclon I on che f l o o d was greater 
than about 1.5h. I n c o n t r a s t Co the 't5 rain, time delay observed between the 
SPM peaks. Moreover, chls U5 mln. delay can be a t t r i b u t e d to Che clme-lag 
between che occurrence o f peak f l o o d c u r r e n c s a t Scaclons 6 and 1. 
Therefore, alchough advecclon of SPM occurred chroughouc che region, l o c a l 
resuspenslon and advection of l o c a l l y resuspcnded sedimenc dominated the 
t r a n s p o r t d u r i n g che f l o o d . 
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Figure 4. SPM load per u n i t surface area and depth-averaged water speed as 
functions of time i n hours CBST) during 26/06/90 at synoptic Stations 
I, 2, ^ and 5. 
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clarity) at Station 5 
The c o r r e l a t i o n s between f l o o d c u r r e n t speeds and SPM concentrations 
at each s t a t i o n were strong, which Implies t h a t l o c a l resuspenslon and 
t r a n s p o r t from mud-sources over the e n t i r e s t a t i o n area and down-estuary o f 
S t a t i o n 6 were the dominant processes i n f l u e n c i n g SPM l e v e l s . Figure ^ 
shows the depth-averaged v e l o c i t y and SPM loa d i n g o f the water column per 
u n i t surface area f o r Stations 1, 2, A and 5- C o r r e l a t i o n s between SPM 
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l o a d i n g and ebb v e l o c i t i e s were poor f o r S t a t i o n s 1-3, reasonable at 
S t a t i o n 4 and good f o r Stations 5 and 6. 
Highest, ebb-tide SPM loads occurred at around 1400h, immediately 
f o l l o w i n g maxlmun, depth-averaged currents at S t a t i o n 1 and around 1600h. 
roughly 2h a f t e r Daximuia depth - averaged currents at Stations 2 and 3 and 
close to low-water. This Implies chat both current speed and water depth 
played a c r i t i c a l r o l e i n determining the onset of bulk erosion'and upward 
mixing of bed sediment at the upper three stacions, possibly through a 
Richardson Number dependence r e l a t e d to the SPM s t r a t i f i c a t i o n . The good 
c o r r e l a t i o n between SPM l e v e l s and ebb currents ac S t a t i o n 4 co 6 implies 
chac f i n e sediment was a v a i l a b l e f o r resuspension from these s t a t i o n s and 
from the whole area between, and immediately up-estuary o f . S t a t i o n 4. 
The highest SPM concencracions occurred at S t a t i o n 3 (see l a t e r ) . 
These fine-sediment suspensions reached concentrations of 26 kg m*' near 
Che bed during the f l o o d , which can be categorised as f l u i d mud, and were 
h i g h l y s t r a t i f i e d . I t th e r e f o r e appears that the cencral region, around 
S t a t i o n 3, was the main, although temporary, storage area f o r the mobile 
stock of f i n e sediment associated w i t h the curbidlcy maximum. 
SFM - s a l i n i c y contours 
The l o n g i t u d i n a l and v e r t i c a l v a r i a t i o n s of SPM and s a l i n i t y over Che 
c l d a l cycle are shown In Figure 5. Figure 5 ( l e f c panel) gives hourly data 
becween I040h and 1540h and Figure 5 ( r i g h t panel) hourly data between 1640h 
and 2140h. At i a 4 0 h the water was ebbing f o l l o w i n g h i g h - w a t e r , which 
occurred at roughly lOOOh. The SPH Increased up-estuary but had a low value 
due to f l o c c u l a t l o n , s e t t l i n g and deposition over the long, high-water 
slack period. As the freshwacer-salcwater Interf a c e (taken to be 0.5ppt) 
moved down-estuary che SPM concencraclon increased behind I t (1140h). 
At 1240h the freshwacer-salcvacer Incerface had moved down-escuary of 
che s t a t i o n s and SPM l e v e l s had increased due to l o c a l resuspension. The 
rcsuspension increased w i t h increasing current speed and reached maximum 
ebb-tide values at around 1540h co I640h (Figure 5 ( r i g h t p a n e l ) ) , a f t e r 
maximum currents but when v e r t i c a l mixing was Intense and che SPM was 
f a i r l y w e l l mixed through the shallow water column. 
The f a s t f l o o d currents followed soon a f t e r the b r i e f , low-water 
slack period at around 1800h and very high concentrations occurred near che 
bed at 1840h. Maximum concentrations occurred at 1900h (not shown). Some of 
t h i s SPH moved up-estuary f o l l o w i n g maximum f l o o d (1940h) and s e e d i n g and 
d e p o s i t i o n occurred at 2040h approaching high-water, which occurred at 
roughly 2200h. 
The s a l i n i t y was zero throughout the synoptic measurement period at 
S t a t i o n s 1-3. so t h a t t h e r e were no v e r t i c a l or l o n g i t u d i n a l d e n s i t y 
gradients other than those due to SPH. The depth-averaged s a l i n i c y reached 
roughly 9 ppt at S t a t i o n 6 and s t r a t i f i c a t i o n was several ppc during the 
e a r l y ebb. The s c r a c 1 f i c a t i o n which o c c u r r e d d u r i n g the e a r l y ebb and 
enhanced mixing which r e s u l t e d when the s t r a t i f i c a t i o n was eroded during 
the subsequent strong ebb currents aided resuspension of SPM and i t s upward 
t r a n s p o r t . Scab 11 1 s a t i o n o f the water column d u r i n g p e r i o d s o f 
s t r a t i f i c a t i o n r e s t r i c t e d upward mixing of eroded SPM. 
The rate of freshwater input to the Tamar over the weir (Figure 1) 
during the several days before the synoptic measurements was higher than 
t h a t e xperienced d u r i n g Che p r e c e d i n g two months. As a r e s u l t , i t i s 
u n l i k e l y t h a t the bed sediment d i s t r i b u t i o n (which responds more slowly to 
r u n o f f than s a l i n i t y , Uncles et a l . , 1988) was I n e q u i l i b r i u m w i t h che 
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Boccom-mounted Instrument packages 
The near-bed, c o n t i n u o u s l y m o n i t o r e d data a t Scacions 5 and 3 
generally confirmed these synoptic, slx-scaclon f i n d i n g s . I n a d d i t i o n , over 
che 12 day deployment period, che Inscruiaents recorded the growth of the 
I n t r a t i d a l , SPM concentration maxima over the neap to s p r l n g - t l d e period. 
(A): 5PM(—). 2-V£:L(£i). S A L / 5 { - - ) AT ST.5 (0.25M) 
0 5 10 15 20 25 
TIME DURING 2 6 / 0 5 / 9 0 (HOURS) 
( B j : 5PM V E R S U S VELOCITY AT S T . 5 (0 .25M) 
31 
VELOCITY (M /S . EBB +VE) 
Figure 6. Tinie-series data for SPH concentrations. velocicy and salinity at 
0.25a above the bed during 26/06/90 at Station 5. 
(A) : SPM conccncracion (kg a'^. •). velocity (m s"\ - -, n u l c i p i i e d 
by 2 for clarity) and salinity (ppt. A. di v i d e d by 5 f o r c i a r i c y ; 
againsc time in hours (BST). 
(B) : scatter plot of SPH concentration (kg a'^) against velocity 
(m s'^. ebb positive). 
Figure 6(a) shows the clrae-serles daca f o r v e l o c i t y , SPM and s a l i n i t y 
ac Scacion 5 f o r 26 June 1990. Peak f l o o d currents exceeded peak ebb 
currencs (Figure 6 ( a ) ) and f l o o d SPM concencraclons exceeded Chose on Che 
ebb. The near-bed ebb and f l o o d SPM concentrations correlaced scrongly w i t h 
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s a l i n i t y d i s t r i b u t i o n . However. I t i s c l e a r from Figure 5 (1040 and 2040h) 
chat at high-water the freshwater-saltwater i n t e r f a c e was located I n the 
v i c i n i t y of the mobile stock of bed sediracnc. 
S i . l t n c . r . o ^ - t . f 
T i m * 1 0 : 4 0 
I S O T i m * 1 2 : 4 0 
I i m * I 3 : * 0 
2 5 0 0 
ZOOO 1 0 0 0 
? S 0 O , T i m * I S : « 0 
l i m a 1 6 : 4 0 
* 0 0 T i m * 1 7 : 4 0 
O i i l a n c i I fDm U m t 
7S00 
I S O O 
2 3 0 0 
79a 
T ime ia:«0 
I i m O 1 9 : * 0 
T i m * 3 0 : 4 0 
T i m * 1 1 : 4 0 
Figure 5. L o n g i t u d i n a l and v e r c i c a i s e c t i o n of che upper Tamar between 2 Co 
lOka from Che weir, covering synoptic S t a t i o n s 1 to 6, and showing 
contour p l o t s f o r SPM concentrations (•) and salinicy (- -) during 
26/06/90. The Icfc panel shows contours at times fBST; between 1040 
and 15-50 and the r i g h t panel tiroes between 1640-and 21^0. 
The freshwater-saltwater i n t e r f a c e had only a minor i n f l u e n c e on SPM 
l e v e l s i n these measurements ( F i g u r e 5) b u t . t o g e t h e r w i t h the t i d a l 
c u r r e n t speed and i t s flood-ebb asymmetry, i t i s known to have an important 
influence on the long-term l o c a t i o n and l o c a l i s a t i o n o f the stock of mobile 
bed fine-sediment. The r o l e of the freshwater-saltwater i n t e r f a c e i n the 
behaviour o f the SPM t r a n s p o r t i s more evident from the bottom-mounted 
instrument packages. 
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near-bed ebb and f l o o d c u r r e n t speeds (see scacter ploc o f SPM versus 
v e l o c i t y i n Figure 6 ( b ) ) but the ebb c o r r e l a t i o n was weaker, w i t h SPM 
l e v e l s chat continued t o r i s e once maximujD ebb cur r e n t s had been reached. 
This implies thac a large quanclty of e a s i l y e r o d l b l e sedimenc was advected 
i n t o che v l c i n i c y of Scatlon 5 from che major source areas around S t a t i o n s 
3 and U. 
The f l o o d SPM l e v e l s were double-peaked. The f i r s t , major peak was 
associated w i t h the maximum f l o o d c u r r e n t speed w h i l s t che second, minor 
peak was assoclaccd wlch che passage of che frcshwacer-salcuater I n t e r f a c e 
(che advecced water o f l o n g i t u d i n a l l y Increasing s a l i n i t y between 0 and 1 
p p t ) . This secondary peak was possibly SPM resuspended by mixing i n che 
fresh water Immediately behind che I n t e r f a c e d u r i n g the ebb (see Figure 5, 
ll^Oh) and advected w i t h the I n t e r f a c e back up-escuary d u r i n g che f l o o d . 
L i t t l e time was a v a i l a b l e f o r s e t t l i n g and c o n s o l i d a t i o n of SPM du r i n g low-
water slack. 
(A): SPM AT 0.25W ABOVE THE BED (ST.3) 
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Figure 7. Time-series data for SPM concentrations and velocity at 0.25a 
above the bed during 26/06/90 ac Scacion 3. 
(A): SPM concentration (kg m'^) against time i n hours (BST). 
CB;.- V e l o c i t y (a s'\ ebb p o s i t i v e ) againsc time i n hours (BST). 
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At S t a t i o n 3. In the f l u i d mud area, the near-bed SPM concentrations 
exceeded the c a l i b r a t i o n of the SPM sensor (8 kg m"^ ) during the f l o o d 
(Figure 7 ( a ) ) . This was accompanied by a rapid decrease i n l o n g i t u d i n a l 
v e l o c i t y as the f l u i d mud a f f e c t e d the near-bed flow f i e l d and ' s t a l l e d ' 
the flow (Figure 7 ( b ) ) . 
A very strong c o r r e l a t i o n between near-bed SPM concentrations on the 
ebb and near-bed ebb cur r e n t s Implied the dominance of rcsuspension from 
nearby up-estuary areas and Chose I n the v i c i n i t y o f S t a t i o n 3. However, 
maximum SPM l e v e l s were reached a f t e r maximum c u r r e n t speeds and a t 
shallower water depths closer Co the time of low-water, again implying the 
existence of a c r i t i c a l Richardson Number f o r erosion and resuspenslon of 
SPM. The s a l i n i t y was very low throughout the day at S t a t i o n 3 and there 
was no s a l i n i t y - i n d u c e d behaviour. 
CONCLUSIONS 
(1) The depth-averaged, r e s i d u a l currents were d i r e c t e d down-estuary and 
were t y p i c a l l y 0.2 m s*^  a t the upper four s t a t i o n s near the head and 
slower a t Che lower s t a t i o n s . Currents corresponding t o Che r e s i d u a l , up-
e s t u a r y water t r a n s p o r t 'pumped' i n t o the e s t u a r y by the t i d e were 
t y p i c a l l y 0.10 m s'^ 
(2) V e r t i c a l shear Cransporc o f SPM was i n s i g n i f i c a n t compared w i t h t h a t 
due t o t i d a l pumping. The t i d a l pumping of SPM was d i r e c t e d up-estuary a t 
a l l s t a t i o n s and was gen e r a l l y opposed by the down-estuary cransporc of SPM 
due t o advection by the r e s i d u a l water transport. 
(3) Apart from S t a t i o n 6, the t o t a l r e s i d u a l f l u x of SPM was d i r e c t e d up-
cstuary, which implies c o n t i n u i n g tra n s p o r t of mud to the upper reaches 
w i t h some l o c a l i s e d readjustment of sediment at St a t i o n A. The re s i d u a l 
f l u x was o f the order o f 1-2% o f the maximum instantaneous f l u x e s . 
(6) Apart from S t a t i o n U, the depth-averaged instantaneous c u r r e n t s were 
f l o o d dominant. The low-water slack period existed f o r j u s t a shore time 
and occurred l a t e r moving up-estuary from Stations 6 to 1. 
(5) The depch-averaged SPM c o n c e n t r a t i o n s reached h i g h e s t v a l u e s ac 
S t a t i o n 3. Each s t a t i o n had we l l - d e f i n e d ebb and f l o o d SPM maxima. During 
the ebb, chese maxima were o f the order of I kg m"' at Stacions 5 and 6, 3-
U kg ra'"* at Stations l and 2, and 5-10 kg m"' at Stations 3 and 4. 
(6) At a l l stacions che SPM loading of the water column per u n i t surface 
area o f estuary d u r i n g maximum f l o o d SPM concentrations was s i g n i f i c a n t l y 
l a r g e r than t h a t d u r i n g maximum ebb SPM concentrations. Local resuspcnslon 
ond a d v e c t i o n o f l o c a l l y resuspended sediment dominated Che t r a n s p o r t 
d u r i n g the f l o o d . 
(7) The SPM behaviour was more complicated on the ebb. Highesc, ebb-tide 
SPM loads occurred immediately f o l l o w i n g maximum, depth-averaged currents 
a t S t a t i o n 1 and r o u g h l y 2h o f c e r maximum dcpth-averaged c u r r e n t s a t 
Staclons 2 and 3 and close t o low-water. This implies t h a t both c u r r e n t 
speed and water depth played a c r i t i c a l r o l e i n determining che onset of 
bulk erosion and upward mixing of bed sediment at the upper three s t a t i o n s . 
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(8) The highest SPM concentrations occurred at S t a t i o n 3. These f i n e -
sediment suspensions reached c o n c e n t r a t i o n s o f 26 kg m'^  near the bed 
during the f l o o d , which can be categorised as f l u i d mud. and were h i g h l y 
s t r a t i f i e d . I t therefore appears chat the cencral region, around S t a t i o n 3. 
was che main, although temporary, storage area for che mobile scock o f f i n e 
sediment associaccd w i t h the t u r b i d i t y maximum. 
(9) The l o n g i t u d i n a l and v e r t i c a l v a r i a t i o n s of SPM and s a l i n i t y over the 
t i d a l cycle showed chat the SPM Increased up-estuary a t high water, forming 
a t u r b i d i t y maxiraura close to the weir, and had low concentrations due to 
f l o c c u l a t l o n , s e e d i n g and d e p o s i t i o n over the l o n g , h i g h - w a t e r s l a c k 
period. 
(10) Two instru m e n t packages deployed a t 0.25ra above che bed i n chc 
t u r b i d i c y maximum area demonstrated che growth o f chc t u r b i d i t y maximum 
over the neap to s p r i n g - t i d e p e r i o d and i t s dependence on b o t h l o c a l 
rcsuspcnsion. and therefore che l o c a t i o n of the stock of mobile bed-source 
sediment, and the presence of che freshwacer-salcwater i n t e r f a c e . 
(11) The f l o o d SPM levels were double - peaked a t Scation 5. The f i r s t , major 
peak was associaccd w i t h the maximum f l o o d c u r r e n t speed w h i l s t the second, 
minor peak was associated w i t h the passage of che f reshwater-salcwacer 
incerface. 
(12) Ac Scation 3, i n the f l u i d mud area, the near-bed SPM concentrations 
exceeded the c a l i b r a t i o n of che SPM sensor, 8 kg m"' du r i n g che f l o o d . This 
was accompanied by a rapid decrease i n l o n g i t u d i n a l v e l o c i t y as the f l u i d 
mud a f f e c t e d the near-bed flow f i e l d and ' s t a l l e d ' the flow. A very s t r o n g 
c o r r e l a t i o n between near-bed SPM concentrations on the ebb and near-bed ebb 
curr e n t s Implied the dominance of resuspension from nearby up-estuary areas 
and those i n the v i c i n i t y of S t a t i o n 3. However, maximum SPM l e v e l s were 
reached a f t e r maximum current speeds and at smaller water depchs nearer 
low-wacer, again implying chc importance of both c u r r e n t speed and water 
depth. 
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